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Terminology used in this thesis:
The relationship between mycobacterial 65-kDa antigens and hsp60s
The proteins encoded by M. leprae and M. tuberculosis hsp60 genes have been
historically referred to as 65-kDa antigens (reviewed by Young et al., 1987). This has
arisen because of previous studies which showed that monoclonal antibodies from mice
immunised with an M. leprae lysate reacted in a Western blot assay with material of an
estimated molecular mass of 68-kDa (Gillis and Buchanan, 1982). When the same
monoclonal antibodies were subsequently tested against a variety of mycobacterial
sonicated extracts they reacted with a protein of approximately 65-kDa and when tested
against E. coli lysates reacted with a 58-kDa protein (Gillis et al., 1985; Young et al.,
1988; Engers et al., 1986). Furthermore, when these monoclonal antibodies were used
to screen kgtl 1-mycobacterial recombinant DNA libraries they identified cDNA clones
which encoded proteins with a predicted molecular mass of approximately 57-kDa.
Sequence analysis of these cDNA clones revealed them to have 50-60% identity with
members of the hsp60 family of proteins (Shinnick, 1987; Mehra et al., 1986). The
predicted molecular mass of these mycobacterial proteins would appear to be much
lower than the apparent molecular mass of 65-kDa, the observed mobility of these
proteins when analysed by SDS-PAGE. This discrepancy was also noted by Thole et al.
(1987) who concluded that the difference may have been due to a low binding of SDS
to the denatured protein, or to incomplete denaturation of the protein, resulting in a
lower than expected migration in SDS-PAGE. In view of these observations and
because in this thesis PCR primers comprising the conserved regions of M. leprae and
M. tuberculosis hsp60 genes (Mehra et al., 1986; Shinnick, 1987) have been used to
generate DNA encoding the homologous protein from M. paratuberculosis, the
identified DNA and expressed protein product will be referred to as
M. paratuberculosis 60-kDa stress protein, or hsp60. It is also reasonable to assume
that the M. paratuberculosis 60-kDa stress protein is a homologue of the 65-kDa antigen
identified in other mycobacterial species. It should also be noted that the terms stress
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M. paratuberculosis infection in sheep causes a chronic granulomatous enteritis,
characterised by a massive cellular infiltration of macrophages, epithelioid cells and
lymphocytes. Like other mycobacterial infections the predominant immune response is
cell-mediated and this response centres on a complex interaction between T cells and
macrophages infected with M. paratuberculosis organisms. T cells have been identified
as the predominant inducers of the cell mediated immune response to mycobacteria.
Stress proteins have been shown to be immunodominant antigens in immune responses
to other pathogenic mycobacteria. T cells reactive to stress proteins have been isolated
from infected animals. For these reasons, the 60-kDa stress protein of
M. paratuberculosis was chosen for the investigation of the immune response to
M. paratuberculosis infection in sheep.
In this thesis the DNA encoding the 60-kDa stress protein of M. paratuberculosis was
amplified by PCR, sequenced and the ORF of this protein expressed as a fusion protein
with glutathione S-transferase. Recombinant M. paratuberculosis 60-kDa stress protein
was obtained by cleavage of the fusion protein with the proteolytic enzyme thrombin.
Recombinant M. paratuberculosis 60-kDa stress protein was used to generate polyclonal
T and B cell responses in sheep which were assessed by in vitro proliferation and
enzyme-linked immunosorbent assays, respectively. In addition, the recombinant
protein was used to generate a monoclonal antibody. The assays and reagents generated
in this thesis were subsequently used to investigate the immune response to
M. paratuberculosis 60-kDa stress protein in ovine paratuberculosis.
This investigation provides preliminary evidence that paratuberculosis-infected animals
have T cells that recognise and are capable of responding by proliferation to
M. paratuberculosis 60-kDa stress protein in vitro, and that antibodies to this protein
could be detected in sera from these animals. Furthermore, M. paratuberculosis 60-kDa
stress protein was detected in tissues from infected animals by immunocytochemical
analysis. These preliminary findings support a role for M. paratuberculosis 60-kDa
stress protein in the ovine immune response to M. paratuberculosis infection.
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Mycobacteriumparatuberculosis infection in ruminants causes a chronic, granulomatous
enteritis. The immunopathological features of the disease are a result of a complex
interaction between the host defence mechanisms and the mycobacterium. The host
defence against intracellular bacteria is centred on the cell-mediated immune response.
The basis of the cell-mediated immune response is the activation of antigen-specific T
cells and subsequent release of immune mediators which supply the necessary
secondary signals for the activation of effector cells. These effector cells include
infected macrophages, antibody-secreting B cells and cytotoxic T cells.
The identification of the mycobacterial antigens which may be the progenitors of this
cell-mediated immune response is central to the investigation of the immune response to
mycobacteria as well as diagnostic studies and vaccine development. Immunodominant
antigens have been identified in other mycobacterial diseases and, among these, one of
the most widely studied is the mycobacterial 65-kDa antigen, a member of the hsp60
family of stress proteins (Mehra et al., 1986; Shinnick, 1987; Young et al., 1988). T
cells showing specificity for this protein have been isolated from infected animals
(reviewed by Young, 1990; Kaufmann, 1993). More recently increasing reports suggest
that y8 T cells recognise this protein (Haregewoin et al., 1989; O'Brien et al., 1989).
The aims of this thesis were to generate recombinant M. paratuberculosis 60-kDa stress
protein and to study the immunological response to this protein in M. paratuberculosis-
infected sheep. This introduction will focus on aspects of stress proteins and their role
in immune responses, and in particular, their role in the cell-mediated immune response
to mycobacteria.
1.1 Stress Proteins
1.1.1 The stress response
The heat-shock or stress response is highly conserved throughout nature and has been
observed in eukaryotic and prokaryotic species. Heat-shock proteins (hsp) or stress
proteins are constitutively produced by prokaryotic and eukaryotic cells during normal
cell growth and differentiation, but are transiently induced in large amounts in response
2
to a variety of stressful stimuli, including infection, heat shock, oxidative stress, and
toxic agents (Lindquist, 1986, Lindquist and Craig, 1988). This response is a protective
mechanism during which there is enhanced expression of certain genes such as those
encoding stress proteins, whilst the expression of most other genes is inhibited. The
proposed function of stress proteins is to protect cells against stressful stimuli and
ensure their survival (Lindquist and Craig, 1988; Morimoto et al., 1990).
Regulation of the prokaryotic stress response has been studied in E. coli (reviewed by
Gross et al., 1990; Yura et al, 1993). The regulation of stress protein genes has been
shown to be under the control of the temperature regulated rpoH (htpR) gene which
encodes a protein termed a32. Heat shock stabilises the rpoH gene and this is reflected
in an increase in the synthesis of a32 protein (Straus et al., 1987) which results in a
subsequent increase in transcription and translation of stress proteins. The o32 protein
binds to core RNA polymerase and redirects it to recognise heat-shock promoters
preceding heat-shock genes (Cowing et al., 1985; Fujita and Ishihama, 1987). Under
normal conditions the rpoH gene is under the control of the more predominant a70
which also binds core RNA polymerase. The rpoH gene is under the control of at least
four promoters (Wang and Kaguni, 1989; Gross et al., 1990), two of which regulate
negatively (Georgopoulos, 1989), a third under CAP-cAMP catabolite control (Gross et
al., 1990) and a fourth under the control of a24 (Erickson and Gross, 1989). Stress
proteins themselves have also been shown to negatively regulate the stress response
(Tilly et al., 1989; Sell, 1987) either by stabilising proteinases which normally degrade
a32, or by releasing a32 from its DNA binding site thus making it more accessible to
proteinase degradation.
The stress response in eukaryotes has been extensively studied in Drosophila. The
stress protein genes from fruit flies were the first such eukaryotic genes to be cloned
and studied in detail (Livak et al., 1978; Craig and McCarthy, 1981; Voellmy et al.,
1981). The promoter regions of eukaryotic stress protein genes contain multiple heat-
shock elements (HSE) which are inverted repeats of a pentameric sequence nGAAn, as
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well as a basal promoter region of multiple cis-regulatory elements (Morimoto et al.,
1990; Lum et al., 1990). These multiple cis-regulatory elements confer a range of
constitutive and inducible transcriptional responses to eukaryotic stress protein genes
(Morimoto et al., 1992). The activation of heat-shock transcription factors (HSF)
mediates the control of transcription of eukaryotic stress proteins (Wu et al., 1987;
Mosser et al., 1988). In response to heat-shock, HSF undergo a posttranscriptional
modification and bind to the HSE preceding the stress protein gene (Wu, 1984;
Zimarino et al., 1990). It has been speculated that eukaryotic stress proteins also
participate in negative regulation of stress protein expression (Craig and Gross, 1991).
The stress response is under complex control mechanisms, which allow the cell the
ability to respond to a diverse array of stressful situations. Prokaryotes and eukaryotes
appear to possess a minimum of two copies of most stress protein genes. Yeast have at
least nine hsp70 genes and similar numbers have been identified in humans. These
multiple copies of stress protein genes are believed to have arisen by gene duplication
and ensure that high levels of stress proteins are produced in response to stressful
stimuli (Lindquist and Craig, 1988; Morimoto et al., 1990). Recent studies suggest that
cells in culture and organisms in the environment may be able to adapt to stress by
elaborating different isoforms of stress proteins (Gupta, 1990; reviewed by Hightower,
1991).
1.1.2 The stress protein families
Stress proteins have been classified into four distinct families according to molecular
mass: the hsp90 family (ranging from 83-90-kDa), the hsp70 family (ranging from 66-
78-kDa) which includes the DnaK protein of E. coli, the hsp60 family (ranging from
57-66-kDa) which includes the mycobacterial 65-kDa antigen, the GrcEL protein of
E. coli and the ribulose biphosphate carboxylase (Rubisco) subunit binding protein of
chloroplasts, and a diverse array of small-molecular-mass stress proteins (ranging from
-10 to >30-kDa) which includes the GroES protein of E. coli, the human hsplO
(Morimoto et al., 1990) and ubiquitin. Large stress proteins such as the hsplOO family
(ranging from -100-110-kDa) have been identified in mammalian cells and possess
slightly different properties than the other families (Subjeck et al., 1983; Welch, 1990).
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The stress proteins, some of which are known as 'molecular chaperones', have
essential roles in protein biosynthesis. Stress proteins have been shown to be involved
in protein folding and unfolding, transport of proteins and peptides across intracellular
membranes (Deshaies et al., 1988), assembly of oligomeric protein complexes (Cheng
et al., 1989) and regulation of glucocorticoid receptors (Baulieu, 1987). Despite the
conserved nature of the stress proteins their functions are numerous and varied.
Members of the hsp70 family are involved in maintaining polypeptides in a
conformation suitable for translocation across internal membranes (Chirico et al.,
1988), interacting with glycosylated proteins destined for secretion, and
immunoglobulin assembly (Munro and Pelham, 1986). The gene encoding hsp70 has
been mapped to the human HLA locus encoding the major histocompatability complex
(MHC) (Harrison et al., 1987; Spence et al., 1989) suggesting a role for this protein in
antigen processing and presentation (DeNagel and Pierce, 1992). Hsp90 is involved in
binding to various intracellular polypeptides such as glucocorticoid receptors, where it
is involved in receptor activation (Catelli et al., 1985; Bresnick et al., 1989) and has
been mapped to the MHC locus in mice (Young, 1990). HsplOO, hsp90 and hsp70 are
major proteins in tumour cells and appear to be involved in the immune response to
tumours. This appears to be due to their ability to associate with oncogene products
(reviewed by Srivastava and Maki, 1991). There have been several recent articles
reviewing the functions of chaperonins in protein biogenesis (Hendrick and Hartl,
1993, Craig et al., 1993; Hartl et al., 1994). These indicate that the functions of a
number of members of different stress protein families are closely linked, in other
words that there is cooperation between the different families of chaperones rather than
independent functions (Hendrick and Hartl, 1993). It has been shown that stress
proteins can act as virulence factors for pathogens such as leishmania and trypanosomes
(Smejkal et al., 1988; Keath et al., 1989). The importance of stress proteins in cell
metabolism, the high degree of conservation between prokaryotes and eukaryotes and
their immunodominance have provoked extensive research. The 60-kDa stress protein
family have been particularly well characterised due to their immunodominant role in
immune responses to intracellular bacteria, such as mycobacteria and will be discussed
in more detail.
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1.1.3 The 60-kDa stress protein family (hsp60)
The first member of this family to be purified and characterised was the GroEL protein
from E. coli (Hendrix, 1979; Hohn et al., 1979). Since then, numerous other members
have been identified in cellular organelles such as chloroplasts (Barraclough and Ellis,
1980), mitochondria (McMullin and Hallberg, 1987), as well as organisms such as
rickettsiae (Vodkin and Williams, 1988) and yeast (Reading et al., 1989). The cloning
and sequencing of a number of hsp60 genes indicate that these proteins are highly
conserved, having at least 50% sequence identity (Jindal et al., 1989; Thole and Van
Der Zee, 1990). Furthermore, the expressed gene products are immunologically cross-
reactive. They are all constitutively expressed but during heat-shock, or exposure to
other forms of stress, there is a transient rapid increase (reviewed by Lindquist and
Craig, 1988). All members of the family show weak ATPase activity which may be
important for their proposed function as molecular chaperones (Hendrix, 1979;
Hemmingsen et al., 1988). Members of this group include the Rubisco subunit binding
protein of chloroplasts (Barraclough and Ellis, 1980), the human mitochondrial protein
PI and cytosolic TCP1 (Jindal et al., 1989; reviewed by Craig et al., 1993), the GroEL
protein of E. coli (Hendrix, 1979) and the mycobacterial 65-kDa antigen. The GroEL
gene is encoded in the same operon (the GroE operon) as the GroES gene and the
function of these two protein products have been shown to be related.
The GroE proteins were originally identified as being required for assembly of
bacteriophage \ (Georgopoulos et al., 1973). Subsequently, homologous proteins in
eukaryotes have been found and appear to be required for the folding and assembly of
proteins, such as the Rubisco enzyme of chloroplasts (Golubinoff et al., 1989). A large
proportion of denatured proteins form complexes with GroEL in vitro suggesting a
generaiised role for this stress protein in protein folding in vivo (Viitanen et al., 1992).
Numerous genetic studies on temperature-sensitive mutants support a role for GroE
proteins in DNA replication during normal cell growth (Fayet et al., 1986; Jenkins et
al., 1986; Ruben et al., 1988). These proteins also associate with newly synthesised
proteins and hold them in a conformation conducive to translocation across membranes
(Randall and Hardy, 1986; Phillips and Silhavy, 1990).
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Native GroEL is found as an oligomeric complex comprising 14 monomers arranged in
a double-ring with sevenfold symmetry (Hendrix, 1979; Hohn, 1979) in association
with a ring of 7 GroES monomers. The mechanism by which these stress proteins
interact involves the binding of the target protein to the GroEL complex in an ATP-
independent manner (Bochkareva et al., 1988). Subsequent folding and release of the
target protein from this complex does not occur until GroES and ATP are added
(Goloubinoff et al., 1989; Martin et al., 1991).When GroES binds to the GroEL it
appears to induce a conformational change in the latter which is probably of functional
significance (Langer et al., 1992). The association of GroEL and GroES is not only
dependent on the presence of ATP it also requires magnesium chloride (Chandrasekhar
et al., 1986). Mutational studies have shown that GroES has a regulatory function over
GroEL in vitro (Tilly and Georgopoulos, 1982) and also that GroES reduces the
ATPase activity of GroEL (Chandrasekhar et al., 1986).
1.2 The mycobacteria
1.2.1 Morphology of mycobacteria
The mycobacteria are aerobic, rod-shaped gram-positive bacteria that are
characteristically acid-fast due to their thick lipid-rich cell wall, and the genus includes
obligate parasites, saprophytes and intermediate forms (reviewed by Kubica and
Wayne, 1984). They are ubiquitous inhabitants of soil and water, but the major
ecological niche for some is the tissue of warm-blooded hosts. The pathogenic species
show some predilection for internal organs such as the lungs (M tuberculosis and
others), skin and nerves (M leprae) or intestinal tract (M paratuberculosis). They can
be characterised by their very slow growth rates in culture and some species such as
M. paratuberculosis require supplements of iron transport compounds such as
mycobactin (Goodfellow and Wayne, 1982). Within the genus they can be further
classified into slow or (relatively) fast growing species (Ratledge and Stanford, 1982).
The genome size of the mycobacterial DNA ranges from 2.2-4.5 x 109 daltons and
contains a relatively high G+C content of 58%-70% (reviewed by Clark-Curtiss, 1990).
DNA-DNA hybridisation studies have shown significant homology between the
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genomes of certain species of mycobacteria such as M. paratuberculosis and M. avium
which are among a group of closely related group of mycobacteria known as the
M. avium-M. intracellulare complex (MAI complex, also referred to as MAIS or MAC)
(McFadden et al., 1987). Restriction fragment length polymorphism (RFLP) analyses
have been used to identify and characterise individual mycobacterial species (Eisenach et
al., 1986; McFadden et al., 1987). RFLP analysis and hybridisation studies revealed
the presence of repetitive sequences in chromosomal DNA and some of these repetitive
elements appear to be insertion sequences such as the IS6110 of M. tuberculosis and
IS900 of M. paratuberculosis (reviewed by Clark-Curtiss, 1990). These insertion
sequences are species-specific and have proved to be useful diagnostic probes
(McFadden et al., 1987; Thierry et al., 1990).
1.2.2 Diseases caused by mycobacteria
The pathogenic mycobacteria are intracellular organisms that characteristically produce
granulomatous lesions in susceptible animals (reviewed by Kubica and Wayne, 1984).
M. tuberculosis causes tuberculosis in man, other primates and some domestic animals,
and principally affects the lung. M. bovis BCG causes tuberculosis in man and other
primates, cattle and other ruminants as well as some carnivores. M. leprae is the causal
agent of leprosy in man affecting the skin and peripheral nerves. M. avium is the avian
tubercle bacillus, the causal agent of tuberculosis in birds, and occasionally cattle and
other domestic animals. M. avium and other members of the MAI complex have become
a serious public health concern due to the increased incidence of pulmonary and
systemic MAI-related infections in humans, particularly in association with acquired
immunodeficiency syndrome (AIDS) (reviewed by Morris, 1991). M. paratuberculosis
is the causal agent of ruminant paratuberculosis or Johne's disease in cattle, sheep and
goats. All ruminants are susceptible, and the disease principally affects the intestinal
mucosa and associated lymph nodes (Buergelt et al., 1978; Chiodini et al., 1984).
Members of the MAI complex have been isolated from patients with Crohn's disease
and may have a role in at least some cases of Crohn's disease (Chiodini et al., 1984;
Graham et al., 1987).
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1.2.3 Mycobacterial antigens
The investigation of the individual components of mycobacteria which promote an
immune response is central to an understanding of mycobacterial immunopathogenesis.
The antigens that have been investigated were selected on the basis of either
immunodominance, species-specificity or whether they were secreted by mycobacteria.
Immunodominance has been assessed in both T cell and antibody responses and a
hierarchy of immunodominant proteins has been observed (Filley et al., 1989; reviewed
by Young et al., 1990). The hsp60 and hsp70 are among the most immunodominant
proteins identified in mycobacterial immune responses (Young et al., 1988; Shinnick et
al., 1988). Species-specific antigens such as the 38-kDa protein of M. tuberculosis
(Andersen and Bech Hansen, 1989) have been identified as well as species-specific
epitopes on more conserved mycobacterial proteins such as stress proteins (Lamb and
Young, 1987; Anderson et al., 1988). The proteins secreted by mycobacteria as they
grow may be among the first antigens to be seen by the host immune system. Such
proteins include the 38-kDa antigen of M. tuberculosis and the 28-kDa antigen of
M. leprae (Andersen and Bech Hansen, 1989; Cherayil and Young, 1988). The 65-kDa
antigen of M. tuberculosis has been found in culture supernatants (Young et al., 1990).
Secreted antigens from culture filtrates of M. tuberculosis induced strong proliferative
responses in patients with tuberculosis (Pal and Horwitz, 1992). Other immunogenic
mycobacterial components include cell wall glycolipids such as lipoarabinomannan
which have been shown to suppress in vitro, antigen-induced, proliferative responses
of mycobacteria-specific T cells (Kaplan et al., 1987) and is a potent inhibitor of IFNy-
mediated macrophage activation (Sibley et al., 1988). Molecular cloning of the genes
encoding these antigens and their subsequent characterisation has contributed
significantly to understanding mycobacterial immunopathogenesis (Young et al., 1990).
1.2.4 The mycobacterial 65-kDa antigen
The 65-kDa antigen of mycobacteria, referred to in this thesis as mycobacterial hsp60,
was identified as a highly antigenic protein in murine studies (Buchanan et al., 1987;
Young et al., 1987; Kaufmann et al., 1987; Lamb et al., 1987). These studies showed
that a large proportion of monoclonal antibodies and T cell clones obtained in response
to mycobacterial infection, or immunisation, were directed to this protein.
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A number of B cell epitopes have been identified on the mycobacterial hsp60 using
murine monoclonal antibodies (Engers et al., 1986; Khanolkar-Young et al., 1992).
Mapping of these epitopes was achieved by a combination of recombinant sublibraries
and synthetic peptides, and these studies have revealed both species-specific and cross-
reactive epitopes (Mehra et al., 1986; Anderson et al., 1988). However there is little
data available regarding the epitopes recognised during human antibody responses to
mycobacteria although antibody competition assays indicate that both species-specific
and cross-reactive determinants are recognised (Hoffman et al., 1989).
A number of T cell epitopes have been mapped using recombinant DNA sublibraries
(Lamb et al., 1987; Thole et al., 1988) and predictions of potential T cell epitopes have
been made by identifying motifs of known T cell epitopes within the primary sequence
of the protein (Rothbard and Taylor, 1988). All the major T cell subsets have been
implicated in having reactivity to the mycobacterial hsp60. CD4 T cells have been
isolated from infected individuals (Emmrich et al., 1986; Mustafa et al., 1986; Lamb et
al., 1986) and CD4 T cells with cytotoxic activity have recently been described
(Ottenhoff et al., 1988; Kale et al., 1990). CD8 T cells with reactivity to the
mycobacterial hsp60 have been isolated from infected animals (Kaufmann, 1988; De
Libera et al., 1988). The role of antigen-specific cytolytic cells, both CD4-positive and
CD8-positive, have been proposed by several workers to contribute to the protective
immune response (reviewed by Kaufmann, 1988; Kumararatne et al., 1992). Kale et al.
(1990) also described the non-specific activation of natural killer (NK) cells by
mycobacterial hsp60. Recognition of the mycobacterial hsp60 by T cells expressing the
y8 receptor has been reported (O'Brien et al., 1989; Haregewoin et al., 1989; Raulet,
1989). These T cell subsets and their role in mycobacterial immunity are discussed more
generally in a later section.
1.3 Infectivity of mycobacteria
1.3.1 Transmission
The main route of transmission of mycobacteria from one animal to another is by
the oral route. Mycobacteria favouring this route include M. leprae and
M. paratuberculosis (reviewed by Kubica and Wayne, 1984). In paratuberculosis
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infection, bacilli are shed in the faeces of infected animals and as a consequence of
environmental contamination are ingested by other animals. The most important mode
of infection for tuberculosis is inhalation of infected particles that are small enough to
reach the alveoli and avoid the mucociliary apparatus of the proximal airways.
1.3.2 Cellular invasion of mycobacteria
The target cells for mycobacterial invasion are host monocytes and macrophages,
although M. leprae has also been shown to infect Schwann cells (Kaufmann, 1986).
Resident tissue macrophages are ideal hosts because they are potent phagocytes with
limited antibacterial capacity and are relatively long lived. Mycobacteria gain entry into
the cell via the alternative complement pathway whereby bacilli become coated with C3
and bind to complement receptors (CR) on the surface of macrophages. CR1 and CR3
have been shown to mediate the uptake of M. leprae (Schlesinger and Horwitz, 1990),
CR1 has been shown to mediate the uptake of M. tuberculosis (Schlesinger et al., 1990)
and C3 is required for the entry of members of the MAI complex, which includes
M. avium and M. paratuberculosis (Schwartz et al., 1988). Other broad reactive
receptors can also be used such as mannose receptors, fibronectin receptors and Fc
receptors (Kaufmann and Reddehase, 1989). The MAI complex have been shown by
Bermudez et al. (1991) to use CR3, fibronectin and mannose receptors to facilitate
uptake into human macrophages. These mechanisms used by mycobacteria to gain entry
into the host cell are also beneficial to the mycobacteria because they do not stimulate the
oxidative pathway that leads to production of reactive oxygen intermediates (Wright and
Silverstein, 1983).
1.3.3 Intracellular survival
Once mycobacteria have gained entry into the target cell they proceed to multiply.
Several factors may contribute to their ability to survive in the intracellular environment.
The outer glycolipid layer resists the action of oxygen radicals and other anti-microbial
mechanisms (Brennan, 1989). Bacilli synthesise superoxide dismutase which
inactivates reactive oxygen intermediates (Kumararatne et al., 1992; Zhang et al., 1991)
and can prevent phago-lysosome fusion thus avoiding exposure to lysosomal enzymes
(Draper, 1981; Frehel et al., 1986). Mycobacteria can exist as dormant forms which
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have low metabolic activity (Toman, 1981). Some mycobacterial cell wall components
have been reported to cause suppression of T cell-mediated activation of intracellular
killing by infected macrophages (Ivanyi, 1986; Ellner and Wallis, 1989). Although most
mycobacteria appear to be contained within cellular compartments, M. leprae has been
shown to escape into the cytosol and avoid the relatively harsh environment of
phagosomes and lysosomes (Mor, 1983). Another mechanism whereby mycobacteria
adapt to a change in environment is by inducing the synthesis of stress proteins
(reviewed by Murray and Young, 1992).
1.4 Immunity to mycobacteria
The immune response to mycobacteria is a result a complex interaction of innate and
acquired responses by the host. This section reviews the mechanisms used by the host
in response to invasion by intracellular mycobacteria.
1.4.1 Genetic factors
1.4.1.1 Non-MHC-linked factors
A single autosomal dominant gene, Beg, located on the murine chromosome 1 was
shown to confer resistance to a number of intracellular pathogens (Schurr et al., 1990;
Plant et al., 1982). Resistance is at the macrophage level allowing control of
intracellular bacterial growth, but is T cell-independent and does not require an
inflammatory response (Kumararatne et al., 1992). Recently a gene encoding an integral
membrane protein, Nramp, has been identified in the Beg locus and is proposed to have
a role in membrane transport possibly of nitrites/nitrates (Vidal et al., 1993). A similar
region on human chromosome 2 has been identified but its functional significance with
regard to resistance to mycobacteria has not been shown (Kumararatne et al., 1992).
1.4.1.2 MHC-Iinked factors
Part of the cell-mediated immune response by an individual involves the recognition by
T cells of foreign antigens in association with MHC molecules. This is often referred to
as MHC-restriction. The molecular basis for MHC restriction is the recognition by a T
cell receptor (TCR) molecule of an immunogenic peptide held in the binding groove of
an MHC molecule. Both MHC class I and class II subtypes, and their different alleles
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present different peptides of antigen. Accordingly, the MHC haplotype of an individual
of a species will determine the peptides, and hence the epitopes of peptide antigens
recognised by individual T cells. As MHC molecules are also involved in the selection
of T cells in the thymus, the MHC haplotype of an individual will influence the
repertoire of T cells available for recognition of antigenic epitopes (reviewed by Von
Boehmer, 1990). The mycobacterial hsp60 has been used extensively to characterise T
cell epitopes and it has been shown that different MHC molecules restrict recognition of
different epitopes on this antigen by CD4-positive T cells (Lamb et al., 1987; Thole et
al., 1988; Gaston et al., 1990).
1.4.2 Cell-mediated immune responses
The cell-mediated component of the immune response was demonstrated by adoptive
transfer experiments, whereby transfer of lymphocytes rather than sera provided
protective immunity (Lefford, 1975). The cells responsible for transferring protective
immunity were shown to be T cells (Lurie, 1942) and specific immunity was shown by
the antigen-specific activation of these cells (Mackaness, 1968).
1.4.2.1 An introduction to T cells
T lymphocytes are essential for acquired immunity to intracellular organisms and can be
separated into three major subsets based on the expression of TCRs for antigen, and
accessory cell surface molecules which interact with MHC molecules on antigen
presenting cells. The TCR is composed of two heterologous glycosylated disulphide-
linked polypeptide chains. These chains can be either an a chain and a p chain, or a y
and a 8 chain. Cells which express the ap TCR can be further classified depending upon
the nature of the accessory molecule they express: CD4-positive ap T cells recognise
immunogenic peptides in the context of MHC class II, while CD8-positive aB T cells
recognise peptide in the context of MHC class I (reviewed by Janeway, 1992). The
third subset comprises those T cells which express a y8 TCR and which are usually
CD4- and CD8-negative (Raulet, 1989). It is evident from the literature that all three T
cell subsets are involved to varying degrees in the immune response to mycobacterial
infection.
13
1.4.2.2 Antigen processing and presentation
The pathways of antigen processing and presentation to a[3 T cells have been partially
characterised (Brodsky and Guagliardi, 1991). It has been shown that these T cells do
not recognise native antigen, like B cells, but rather, a linear peptide derived from
proteolytic degradation, and presented in association with MHC molecules. There are
two main pathways of antigen processing and presentation. One pathway presents
peptides derived from endogenously synthesised proteins, and does so in the context of
MHC class I molecules (Townsend and Bodmer, 1989; reviewed by Monaco, 1992)
and the other presents peptides derived from exogenously acquired proteins in the
context of MHC class II molecules (Unanue and Allen, 1987; reviewed by Neefjes and
Ploegh, 1992a).
a) MHC class I processing and presentation of endogenous peptides
MHC class I molecules are comprised of a 45-kDa a chain and a 14-kDa p2-
microglobulin chain (Bjorkman and Parham, 1990). X-ray crystallography has
established the structure of the peptide binding portion of the molecule (Bjorkman et al.,
1987a, 1987b). The peptide binding groove is formed by two a helices lying parallel on
a p pleated sheet and is closed at both ends (Madden et al., 1991). This feature
presumably restricts the optimum peptide size to that of nonamers which have a 100-
1000-fold higher affinity for binding to these molecules compared to peptides of other
sizes (Van Bleek and Nathenson, 1990; Falk et al., 1991; Hunt et al., 1992).
Intracellular degradation of endogenously derived proteins is non-lysosomal and ATP-
dependent (reviewed by Allen et al., 1987; Goldberg and Rock, 1992). An initial step in
this degradation is the covalent conjugation of antigen with ubiquitin (Rechsteiner,
1987; Finley and Chau, 1991). This directs the polypeptide to a multi-enzyme complex
known as the 26S proteasome for rapid hydrolysis (Goldberg, 1992). An essential
component of this proteolytic complex is the 20S proteasome which is a barrel-shaped
structure with a central hole which may be the site of entry for proteins destined for
degradation (Tanaka et al., 1988). The 20S proteasome (also known as CF-3) is
associated with two other components, CF-1 and CF-2, and together they form the 26S
proteasome which is ATP-stabilised (Driscoll and Goldberg, 1990). CF-1 and CF-2
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may provide the capacity for recognition of ubiquitin-protein complex and the
dissociation of these complexes to release free ubiquitin (Goldberg and Rock, 1992). A
complex referred to as 'low molecular mass proteins' or LMP have a subunit
composition and size similar to the 20S proteasome, and two of these subunits have
been mapped to the MHC locus (Monaco and McDevitt, 1982, 1984; Brown et al.,
1991; Martinez and Monaco, 1991) This has led to the proposal that these structures
may be responsible for MHC class I antigen processing. However direct evidence for
LMP or proteasomes in the generation of the correct antigenic peptides has not been
found. It has been hypothesised that the two MHC-linked subunits may target the
output of peptides generated by the proteasome complex to the TAP transporters of the
endoplasmic reticulum and/or serve to modify the proteolytic action of the complex to
produce peptides better suited for MHC class I binding (Parham, 1990; Monaco, 1992).
The two MHC-linked transporter or TAP proteins (TAP-1 and TAP-2) have been shown
to associate as a heterodimer (Spies et al., 1992) and evidence suggests that they
function to transport fragments of antigen from the cytoplasm into the endoplasmic
reticulum lumen where they associate with Class I molecules (Monaco, 1992). Genes
encoding TAP transporter and LMPs are closely linked in the genome and are
transcribed simultaneously (Cho et al., 1991). To date, no physical association between
the two protein complexes has been shown.
b) MHC class II processing and presentation of exogenous peptides
MHC class II molecules are assembled in the endoplasmic reticulum (Kvist et al.,
1982) and comprise an a and a p chain, ap heterodimers are targeted to the endocytic
pathway by transient association with the invariant or y chain (Claesson-Welch and
Peterson, 1985). The invariant chain prevents binding of peptides to the ap dimer in the
endoplasmic reticulum and increases the efficiency of intracellular transport of the
dimers (Miller and Germain, 1986; Sekaly et al., 1986; Teyton and Peterson, 1992).
The y chain forms a homotrimer and is assembled in a complex with three ap
heterodimers in the endoplasmic reticulum (Roche et al., 1991). During transport to the
trans-Golgi reticulum the y chain is degraded by endosomal proteases and the antigen
binding groove is filled by immunogenic peptides derived from endocytosed antigen
(Blum and Cresswell, 1988; Roche and Cresswell 1990; Pieters et al., 1991).
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Extracellular antigen endocytosed into MHC class H-expressing antigen presenting cells
first enters early endosomes, then late endosomes and finally lysosomes. The
proteolytic degradation of antigen by acid-optimal proteases or cathepsins probably
occurs in the late endosomal/ lysosomal stage of this pathway (Allen et al., 1987). The
acidic pH of endocytic vacuoles assists in protease degradation of antigen, as well as
increasing the efficiency of peptide binding by MHC class II molecules (Neefjes and
Ploegh, 1992a). The exact point of peptide binding to MHC class II molecules is not
known but experiments using the stability of the peptide-MHC complex suggested that
MHC class II molecules associate with peptide prior to cell surface deposition (Neefjes
and Ploegh, 1992b; Germain and Hendrix, 1991). Internalisation of MHC class II
molecules and recycling via this endosomal/lysosomal peptide-binding route has been
suggested (Neefjes et al., 1990; Salamero et al., 1990).
The structure of the peptide binding portion of MHC class II molecules has been
proposed as being similar to that of MHC class I molecules (Brown et al., 1988).
Processed peptides bound to MHC class II molecules have been shown to be peptides
of 13-17 amino acids in length and show heterogeneity at the carboxy terminus
(Rudensky et al., 1991a). This has led to suggestions that the peptide binding groove of
class II molecules may be larger than that of class I molecules. Sequence and structural
analysis has established that one end of the class II peptide-binding groove lacks a
tyrosine residue that is found in MHC class I molecules (Rudensky et al., 1991a).
Peptides bound to MHC class II molecules have precise N-terminal cleavages but
variable C-terminal cleavages providing further evidence that the C-terminus may be
exposed, and accessible to the action of carboxypeptidases.
1.4.2.3 Antigen recognition by the TCR molecule
Antigen recognition is one function of the TCR. The TCR has a predicted structure
analogous to that of immunoglobulin (Ig) molecules and, like Ig molecules, the variable
portions of both heterodimer chains form the antigen binding site and confer antigen
specificity to each individual T cell (Danska, 1989). There are three variable domains,
or complementarity determining regions (CDR), the most variable of these being the
CDR3 region. It has been suggested that CDR3 is involved in the recognition of peptide
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fragments (Hong et al., 1992), while CDR1 and CDR2 bind the a-helices of MHC
molecules (Claverie et al., 1989, Davis and Bjorkman, 1988). An analogous situation
may exist for y8 T cells whose TCR molecule has similar CDR3 regions compared to
the a|3 TCR molecule, and which appears to influence the antigen specificity of y5 T
cells (Rellahan et al., 1991).
The TCR associates non-covalently with the CD3 complex which comprises five
polypeptide chains (Clevers et al., 1988). This linkage between TCR and CD3 couples
antigen recognition to intracellular signal transduction pathways which bring about T
cell activation (Danska, 1989). The binding of T cell to the antigen presenting cell is
augmented by a number of molecules including: CD4 which binds to MHC class II
molecules; CD8 which binds to MHC class I molecules; CD2 which binds to the
adhesion molecule LFA-3 (CD58) (Wesselberg et al., 1991) and CD5 which is
physically associated with the TCR-CD3 complex of T cells (Osman et al., 1992).
1.4.2.4 T cell activation
The engagement of the TCR-CD3 complex with the peptide-MHC complex on antigen
presenting cells is the trigger for T cell activation. The primary mechanism used by the
TCR-CD3 complex for signal transduction is the activation of various protein tyrosine
kinase (PTK) pathways. The cytoplasmic domains of CD3 are associated with one or
more PTK (Chan et al., 1991) and it has been proposed that the binding of the TCR to
its ligand induces a conformational change in the TCR-CD3 complex which may
activate PTK (Chan et al., 1992a). Alternatively, a guanosine phosphate-binding protein
may mediate a signal from the TCR to a PTK inducing its activation (Harnett and
Rigley, 1992). Co-precipitation studies have shown that the PTK p59fyn, is associated
with the TCR-CD3 complex (Samuelson et al., 1990). The PTK, p56lck is found in
association with both CD4 and CD8 (Suzuki et al., 1992). Subunits of the CD3
molecule linked to the PTK pathway include CD3 t, chain and the yl subunit of
phospholipase C (PLC) (Beyers et al., 1992). Once PLC is activated, it hydrolyses
phosphatidyl inositol into inositol triphosphate and diacylglycerol (Izquierdo and
Cantrell, 1992). These products increase intracellular calcium levels and activate a
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variety of enzymes including protein kinase C (PKC), which activates a variety of
intracellular pathways including activation of gene transcription. Signals transmitted to
the nucleus mobilise DNA-binding proteins which induce expression of genes encoding
IL-2 and IL-2 receptor which are involved in cellular activation and proliferation
(Waldmann, 1989; Minami et al., 1993).
1.4.3 Role of T cells in anti-mycobacterial immunity
1.4.3.1 Role of CD4 T cells
CD4 T cells help the function and differentiation of other types of immunocompetent
cells by producing cytokines or interleukins (IL). In the murine system two types of T
helper cells have been identified on the basis of their pattern of cytokine synthesis
(Mosmann and Coffman, 1987; 1989): Thl cells which synthesise IL-2 and gamma
interferon (IFNy); and Th2 cells which synthesise IL-4 and IL-5. IL-2 promotes T cell
growth and costimulates B cell differentiation; IL-4 and IL-5 are B cell stimulating
factors; IFNy has antiviral activity and, more importantly for mycobacterial immunity,
activates macrophages to become potent effector cells. This type of subdivision of
helper T cells is also apparent in the human system (Romagnani, 1991).
The importance of CD4 T cells in protection against mycobacterial disease has been
shown by murine T cell depletion studies. These studies showed that CD4 T cell
depletion had a greater effect on in vitro proliferative responses to mycobacterial
antigens than CD8 T cell depletion (Muller et al., 1987; Pedrazzini et al., 1987). In
murine studies, mycobacteria-specific CD4 T cells from M. tuberculosis-infected
animals produced IL-2 and IFNy on in vitro stimulation with mycobacterial antigens.
This cytokine profile conforms to the Thl phenotype (Pedrazzini and Louis, 1986;
Kaufmann and Flesch, 1986). Antigen-specific CD4 Thl-type cells are consistently
isolated from patients with leprosy or tuberculosis (Emmrich and Kaufmann, 1986;
Barnes et al., 1989a; Romagnani, 1991). A significant number of those T cells
recognised mycobacterial hsp60 (Emmrich et al., 1986). Mycobacteria-reactive Thl
cells with a similar cytokine profile have also been shown to express cytolytic activity in
both murine and human systems (Ottenhoff et al., 1988; Boom et al., 1991). Kaufmann
(1993) has suggested that there may be a reciprocal relationship between Thl and Th2
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cells during cell-mediated responses to intracellular infections. In mycobacterial
infections, the identification of numerous other effector cells such as NK cells, CD8 and
y5 cytotoxic T cells which all produce IFNy would set a strong bias towards a Thl
rather than a Th2 type response (Kaufmann, 1993). In leprosy where an inverse
relationship exists between the cell-mediated immune response and the humoral immune
response, studies have shown that Th2 cells are capable of negatively regulating Thl
cells in vitro (Bloom et al., 1992).
1.4.3.2 Role of CD8 T cells
This T cell subset are also known as cytolytic T cells (CTL) because of their ability to
lyse target cells expressing foreign antigens in association with MHC class I molecules.
CD8 T cells which appear to have a suppressor function have also been described
(Bloom and Mehra, 1984; Kaufmann, 1988; Sussman and Wadee, 1991). Furthermore,
CD8 T cells often require IL-2 from CD4 T helper cells for expression of their functions
(Kaufmann, 1988). The cytokines secreted by CD8 T cells include IFNy and TNFa.
MHC class I-restricted CD8 T cells are required for resistance to mycobacterial infection
(Flynn et al., 1992), and the involvement of antigen-specific CD8 T cells in anti-
mycobacterial immunity has been demonstrated in murine and human systems
(Kaufmann, 1988; De Libero et al., 1988; Rees et al., 1988). Furthermore, these cells
have been identified in lesions of tuberculoid leprosy using in situ analysis (Cooper et
al., 1989) and predominate in lesions of lepromatous leprosy (Modlin et al., 1989).
Whilst the cytolytic role of CD8 T cells in anti-mycobacterial immunity has been
extensively studied, CD8 T cells capable of suppressing immune responses have also
been identified in lepromatous leprosy (Ottenhoff et al., 1986; Modlin et al., 1986). It
has been suggested that the CD8 cells seen in tuberculoid lesions are generally cytolytic
and those in lepromatous of the suppressor type. This is supported by the identification
of a putative differentiation marker for CTL which has been shown to be expressed by
CD8 T cells from patients with tuberculoid but not lepromatous leprosy (Modlin et al.,
1988; Kaufmann, 1988).
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The endocytic habitat of M. tuberculosis and M. bovis would appear to favour the MHC
class II pathway of processing and presentation of antigen which raises the question of
how exogenous antigen could be introduced into the MHC class I pathway. A possible
explanation for this may be that during chronic intracellular persistence the endosomal
compartment becomes leaky allowing mycobacterial proteins or peptides to escape into
the cytoplasm and have access to the class I pathway (Kaufmann, 1988). M. leprae and
M. tuberculosis have been shown to escape from endosomes into the cytoplasmic
compartment (Sibley et al., 1987; Leake et al., 1984) and as such may be made
accessible to both antigen processing pathways.
1.4.3.3 Role of y8 T cells
Evidence supports a role for y8 T cells in anti-mycobacterial immunity. In the murine
system, y8 T cells isolated from M. tuberculosis-immunised animals show strong
proliferative responses to mycobacterial preparations in vitro (Augustin et al., 1989;
Janis et al., 1989; Inoue et al., 1991). In the human system, mycobacteria-reactive y8 T
cells have been isolated from the peripheral blood of healthy individuals and from the
synovial fluid of a patient with rheumatoid arthritis (Holoshitz et al., 1989; Haregewoin
et al., 1989). y8 T cells have also been isolated from lesions of leprosy patients
following lepromin injection and have been identified in necrotic lesions of tuberculous
lymphadenitis (Modlin et al., 1989; Falini et al., 1989), although it was suggested that
these may be associated with non-specific inflammatory processes rather than the
presence of specific mycobacterial antigens. Limiting dilution analyses have found high
proportions of mycobacteria-specific T cells are y8 rather than a|3 T cells. This indicates
that y8 T cells may have a predilection for mycobacterial antigens (Kabelitz et al., 1990;
Pfeffer et al., 1990). Experimental evidence has shown that y 8 T cells accumulate prior
to cxp T cells in the immune response following intraperitoneal infection with M. bovis
(lnoue et al., 1991). Mycobacteria-reactive y8 T cells produce IL-2, IFNy and TNFa,
and are capable of lysing mycobacteria-pulsed target cells (Barnes et al., 1992; Follows
et al., 1992). Havlir et al. (1991) described the specific expansion of y8 T cells by
macrophages infected with live M. tuberculosis, reinforcing the role of y8 T cells in the
immune response to mycobacteria.
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It has been suggested that y5 T cells are preferentially stimulated by low molecular
weight mycobacterial components (Pfeffer et al., 1990) reminiscent of the superantigen
activity of bacterial toxins (Rust et al., 1990; Herman et al., 1991). However, a much
larger body of evidence suggests that y8 T cells specifically recognise and respond to
mycobacterial hsp60 (Holoshitz et al., 1989; Haregewoin et al., 1989 O'Brien et al.,
1989), in particular those epitopes shared between mycobacteria and mammalian cells
(Munk et al., 1989; O'Brien et al., 1991). It is also apparent from this data that y5 T
cells that respond to these epitopes express very similar receptors (O'Brien et al.,
1991).
The above evidence, and the identification of mycobacteria-reactive y8 T cells in healthy
individuals without prior contact with mycobacteria, indicates that y8 T cell stimulation
by mycobacteria may occur via different but not mutually exclusive pathways: one
independent of previous sensitisation and of an oligoclonal character; the other resulting
from previous in vivo sensitisation and possibly involving a limited number of T cell
clones with respect to each antigen recognised (Kaufmann, 1993).
1.4.4 Role of cytokines in anti-mycobacterial immunity
The work of Mackaness (1969) introduced the concept of T cell-derived soluble factors
such as cytokines and interleukins which induce activation and subsequent antibacterial
functions of macrophages. Numerous cytokines have been implicated in the immune
response to mycobacteria, but only the more important cytokines will be discussed here.
IFNy has been shown to play a central role in the development of acquired resistance to
mycobacterial infection and is produced by CD4, CD8, y8 and NK cells. Bone marrow
macrophages infected with M. tuberculosis were activated by the administration of
IFNy and inhibited mycobacterial growth in vitro (Flesch and Kaufmann, 1990). The
administration of IFNy protects mice against M. tuberculosis infection whereas its
neutralisation with anti-IFNy antibodies exacerbated the disease (Denis, 1991).
Furthermore, anti-TNFa antibodies inhibit the tuberculostatic activity of IFNy. This
collectively suggests that IFNy activation of tuberculostasis has two distinct intracellular
signalling pathways one being TNFa-mediated (Kaufmann, 1993). IFNy has little
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bacteriostatic effect on M. tuberculosis-infected human macrophages, although
intralesional injection of IFNy in lepromatous leprosy resulted in reduced numbers of
bacteria (Kaplan and Cohn, 1991). It is likely that IFNy-stimulated macrophages
convert 25-hydroxyvitamin D3 to the biologically active form, 1,25-dihydroxyvitamin
D3, which then acts as a costimulator, inhibiting growth of M. tuberculosis within
human and murine macrophage (Rook et al., 1987; Crowle et ah, 1987). The role of
activated vitamin D3 is synergistic with those of IFNy and TNFa in a complex
autocrine activation pathway (reviewed by Rook, 1988).
TNFa is a multifunctional cytokine synthesised by activated murine and human
macrophages under a variety of stimuli including infection with mycobacteria, or when
stimulated with mycobacterial components (Moreno et ah, 1989; Newman et ah, 1991).
TNFa is also released by mycobacteria-reactive CD4 T cells (Moreno et ah, 1989;
Wallis et ah, 1990; Ogawa et ah, 1991). TNFa is involved in the formation of
granulomas which is an attempt to limit the spread of infection (Kaufmann, 1993). High
levels of TNFa have been identified in pleural fluids from patients infected with
M. tuberculosis (Barnes et ah, 1990). Treatment of mice infected with M. bovis with
anti-TNFa antibodies caused the disappearance of preformed granuloma, prevented
new granuloma formation and led to the dissemination of mycobacteria (Kindler et ah,
1989). TNFa alone is incapable of activating tuberculostatic mechanisms in murine
macrophage but shows marked synergy with IFNy (Flesch and Kaufmann, 1990). It
seems likely that TNFa is involved in an auto-amplification loop since TNFa enhances
IFNy-induced TNFa mRNA synthesis by macrophages, acts synergistically with IL-2
to induce IFNy production by T cells and is released from macrophages exposed to
IFNy and vitamin D3 when stimulated with mycobacterial cell wall components
(reviewed by Kumararatne et ah, 1992). M. tuberculosis has been shown to produce a
factor which may distort the normal protective role of TNFa so that it becomes toxic to
the host (Rook et ah, 1991). TNFa has been shown to cause septic shock during
bacterial disease and continual TNFa production during tuberculous disease is thought
to be responsible for cachexia (Tracey and Cerami, 1989). It has been suggested that,
by affecting important organ functions, TNFa can contribute to the pathogenesis of
mycobacterial infections (Kaufmann, 1993).
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IL-4 has been shown to be capable of activating tuberculostatic functions in murine
macrophages (Flesch and Kaufmann, 1990). However this was only evident if IL-4
was administered after infection with M. bovis and failed to inhibit subsequent
mycobacterial growth if given before infection (reviewed by Kaufmann, 1993). IL-4
induces infiltration of monocytes in vivo and formation of multinucleated giant cells,
and as such may contribute to formation and stabilisation of tuberculous granulomas
(Mclnnes and Rennick, 1988; Tepper et al., 1989).
Other interleukins such as IL-1, IL-2, IL-6, IFNa and granulocyte-monocyte colony-
stimulating factor (GM-CSF) have been shown to participate in the immune response to
mycobacteria. The exact biochemical events leading to the elimination of mycobacteria
are yet to be determined. However, it is clear that TNFa and IFNy have a dual role in
the immunity and pathology of mycobacterial disease and that different forms of T cell
immunity based on the secretion of these two cytokines can determine the outcome of
the infection (Moreno and Rees, 1993).
1.4,5 Inhibition of mycobacterial growth
The role of cytokines in inhibiting mycobacterial growth has been discussed in the
previous section. This section will deal with more specific mechanisms effected by
cytokine-induced activation of macrophages, although they are still poorly understood.
Lysosomal degradation is one of the anti-bacterial mechanisms used by macrophages.
During phagocytosis, the endosomal pi is increased temporarily to basic levels
allowing optimum conditions for defensins, which are polypeptides with potent
microbicidal activity present in some macrophages (Lehrer et al., 1991; Kaufmann,
1993). Subsequently, phagosome acidification and phagosome-lysosome fusion occurs.
Lysosomes have an acidic pH and contain digestive enzymes which increase in
concentration upon activation of macrophages (Lowrie, 1983, 1988). These are quite
effective against the majority of bacteria. As discussed earlier, mycobacteria are well
equipped to survive in endocytic compartments and thus it would appear that lysosomal
mechanisms are not important in mycobacterial elimination although they may play a
role in bacteriostasis.
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The generation of reactive oxygen intermediates, production of reactive nitrogen
intermediates and limitation of intracellular iron availability are major effector functions
of macrophages. Reactive oxygen intermediates are toxic for microbes although their
effectiveness in anti-mycobacterial activity is now in doubt. Previously, hydrogen
peroxide and associated reactive oxygen intermediates were shown to kill virulent
M. tuberculosis in vitro (Jackett et al., 1980), but more recently it was shown that a
number of mycobacterial species were resistant to reactive oxygen intermediates
(Yamada et al., 1987). Mycobacteria possess a superoxide dismutase which inactivates
reactive oxygen intermediates and it has also been shown that mycobacterial cell wall
glycolipids such as lipoarabinomannan scavenge reactive oxygen intermediates (Chan et
al., 1989). Evidence now indicates that the generation of nitric oxide and reactive
nitrogen intermediates leads to killing of microbes in murine macrophages (Nathan and
Hibbs, 1991; Chan et al., 1992b) and that IFNy and TNFa act synergistically to
increase reactive nitrogen intermediates. Nitric oxide is secreted at high levels by
activated macrophage and neutrophils and, as well as being toxic to microbes, may also
damage healthy tissue (Kolb and Kolb-Bachofen, 1992).
Intracellular bacteria are heavily dependent on an adequate supply of iron. A limitation
of iron availability has been shown to limit intracellular survival of Listeria
monocytogenes (Alford et al., 1991). There is direct competition for iron between
bacteria and iron-dependent generation of reactive oxygen intermediates as well as
reactive nitrogen intermediates. The result of this competition presumably determines
whether the macrophage is a habitat for, or an effector against, intracellular bacteria.
1.4.6 Humoral immune responses
Mycobacteria are predominantly intracellular organisms and therefore it is unlikely that
antibody plays a significant part in their removal (Kaplan and Cohn, 1986; Kaufmann,
1988). However, the identification of antibodies specific to mycobacteria for diagnostic
purposes has been attempted (reviewed by Grange, 1984). Serodiagnostic tests have
proved unsuitable due to the considerable overlap of mycobacteria-specific antibody
titers between infected and healthy individuals (Grange, 1988). These natural,
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crossreactive antibodies, appear to be directed against shared epitopes and are probably
due to exposure to environmental mycobacteria or related genera. Discrimination was
improved by the use of monoclonal antibodies in solid-phase competition assays (Ivanyi
et al., 1983) and the use of assays characterising the IgG subclasses (Gibson et al.,
1988). Improvements in agar gel immunodiffusion, radioimmunoassay and indirect
fluorescent antibody serodiagnostic tests were achieved by pre-absorption of sera with
BCG (Harboe et al., 1978; Caldwell et al., 1979; Abe et al., 1980).
Antibodies to large numbers of mycobacterial antigens have been identified but a
hierarchy of proteins recognised by sera from infected individuals has been observed.
Gillis and Buchanan (1982) discovered that a large percentage of monoclonal antibodies
generated in mice immunised with mycobacterial lysates recognised the mycobacterial
hsp60. Both cross-reactive and species-specific monoclonal antibodies were generated
(Mehra et al., 1986; Anderson et al., 1988). Other antigens determined in this way
include the 28-kDa and 35-kDa proteins of M. tuberculosis (Gillis and Buchanan,
1982).
1.5 Aspects of the ruminant immune system
A general overview of some parts of the vertebrate immune system was discussed in
earlier sections. However, ruminants are phylogenetically distant from mice and man
and differences in their immune systems may reflect the particular way in which
ruminants respond to foreign antigen. The sections below deal with aspects of the ovine
and bovine immune systems, and highlight the differences between ruminant, murine
and human systems.
1.5.1 Cellular immune system
Three distinct subpopulations of ovine T cells have been identified by their expression
of either the T19 molecule, CD4 or CD8 (Mackay et al., 1986). The T19 molecule, so
far specific to ruminants, has been shown to be expressed on the same population of
cells that express the y8 TCR (Mackay et al., 1989). In the murine and human systems,
CD4 and CD8 T cells comprise those cells that express the ap form of TCR (Samuelson
et al., 1985; Danska, 1989). To date, no monoclonal antibody specific for ovine ap
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TCR has been produced. Since ruminant y8 T cells generally do not express CD4 or
CD8 it is assumed that ruminant T cells expressing CD4 or CD8 are similar to their
murine and human counterparts, and express an aft TCR.
The proportions of the various T cell subsets changes markedly during the lifespan of
the sheep, and this is a particular feature of the ruminant immune system. Foetal blood
has a predominance of CD4 and CD8 over y8 T cells. During the neonatal period y8 T
cells rise rapidly and become the predominant subset, then during the post-natal period
y8 T cell numbers decline and CD4 and CD8 T cells once again predominate (Mackay et
al., 1986; 1989). This data suggests that young sheep may have a greater dependence
on y8 T cells compared to other species. The large antigenic load to which neonates are
exposed after birth may lead to activation and preferential clonal, or oligoclonal,
selection of y8 over ap T cells (Hein and Mackay, 1991; Hein and Dudler, 1993).
Another important feature of ovine y8 T cells is the absence of the surface molecule CD2
(Mackay, 1988) which is involved in ap T cell activation. This appears to correlate with
the high levels of expression of its receptor LFA-3 on sheep cells (Mackay et al., 1988).
Ovine T and B cells also express a unique glycoprotein termed B5-5, which appears to
be involved in a T cell activation pathway and may be analogous to murine cell surface
TAP molecules (Hein et al., 1988). y8 T cells are particularly prevalent at epithelial sites
such as the intestine and skin (Hein and Mackay, 1991) which suggests that they may
be involved in immune surveillance of epithelial sites as has been suggested for other
species (Janeway et al., 1988).
1.5.2 Humoral immune system
The major source of ovine B cells is the ileal Peyer's patch, unlike in murine and human
systems where these cells are derived mainly from bone marrow (reviewed by
Landsverk et al., 1991; Hein et al., 1989). In this respect, and in terms of morphology,
the ileal Peyer's patch (IPP) is analogous to the primary lymphoid organ of the chicken,
the Bursa of Fabricius (Cooper et al., 1965; Reynolds et al., 1987). The IPP is central
to the development of the B cell pool and repertoire, and within IPP follicles surface
IgM-positive B cells proliferate and can be exported to the periphery (Reynaud et al.,
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1991). B cells extensively diversify their antigen receptor while proliferating in IPP
follicles. This is not achieved by gene conversion, as in birds, but by somatic
hypermutation (Reynaud et al., 1991). The IPP matures during the second half of
gestation. Lymphopoiesis occurs independently of antigen, and the IPP involutes 2-3
months after birth (Reynolds and Morris, 1983; 1984).
A feature of the ovine species is that, unlike other species, the sheep placenta is
impermeable to maternal immunoglobulins and no transfer of these molecules occurs to
the foetus (Brambell, 1970; Carlson and Owen, 1987). Adult sheep however, have
increased numbers of surface Ig-positive B cells compared to other species (Mackay,
1988). In ruminants there are five distinct immunoglobulin classes identified to date:
IgGl and IgG2 predominate, then IgM, IgA (Butler, 1983; Beh, 1987, 1988), and
more recently, cDNA encoding the IgE heavy-chain has been isolated (Engwerda et al.,
1992). The immunoglobulin molecules are highly conserved between species and sheep
immunoglobulin molecules characterised so far have similar molecular properties to
those described for other species (Beh, 1987, 1988).
1.5.3 Gut associated lymphoid tissue (GALT)
The GALT consists of the organised lymphoid tissues such as Peyer's patches and
mesenteric lymph nodes, and the diffuse mucosal lymphoid compartment composed of
lamina propria lymphocytes (LPL) and intraepithelial lymphocytes (IEL) (Mowat,
1987). In the sheep there is a rapid expansion of CD4, CD8 and y8 T cells in the lamina
propria of neonates and these changes are mainly due to the sudden exposure to dietary
antigens and gut flora immediately after birth (Gorrell et al., 1988). In adult sheep the
relative proportions and phenotypes of these cells is similar to peripheral blood. IEL
numbers also increase after birth and are predominantly CDR-positive or y5-positive T
cells (Gorrell et al., 1988; Press et al., 1991; Gyorffy et al., 1992). Significantly, a
large proportion of these express MHC class II molecules and many of these lack the
CD5 pan T cell marker. This is in marked contrast to peripheral blood populations
(Gyorffy et al., 1992). y8 IEL have an immature phenotype (T19-negative and MHC
class I-negative) and is more characteristic of those seen during the ontogeny of y8 T
cells in the thymus (Mackay et al., 1986). Studies on recirculation of ovine lymphocytes
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suggest that there is preferential migration of intestinal lymphocytes via intestinal lymph
through mesenteric lymph node, thoracic duct and systemic circulation before returning
to the gut (Cahill et al., 1977).
1.6 Ruminant paratuberculosis
Paratuberculosis or Johne's disease was first described by Johne and Frothingham
(1895) who identified acid-fast bacilli indistinguishable from the tubercle bacillus in
sections of diseased intestine. Since then, it has been established that the causal agent of
Johne's disease is M. paratuberculosis, and that infection of susceptible animals with
this organism results in classical granulomatous-type lesions that are characteristic of
mycobacterial diseases. The immunology of mycobacteria has been extensively studied
in tuberculosis and leprosy, and the information learned from these studies can
be applied to the study of ruminant paratuberculosis. Unlike other
mycobacteria, M. paratuberculosis preferentially infects the gastrointestinal tract and, as
such, is under the control of the GALT (Chiodini, 1991).
1.6.1 Pathogenesis of ruminant paratuberculosis
Young animals are most susceptible to infection and experimental evidence suggests that
there is an age-dependent resistance (Larsen et al., 1972; reviewed by Chiodini et al.,
1984). Transmission in susceptible animals occurs most frequently by ingestion of
contaminated faeces (Larsen, 1972; Carrigan and Seaman, 1988). Although the
organism has been isolated from semen and milk, these do not appear to be important
sources of infection (Larsen et al., 1981; Belletti and Barigazzi, 1993). Once ingested,
bacilli gain entry either via the M cells which are specialised epithelial cells covering the
intestinal Peyer's patches, or via epithelial cells surrounding the Peyer's patches
(Momotani et al., 1988; Garcia-Marin et al., 1991). The ability of enterocytes to take up
macromolecules is a feature of the neonatal ruminant, but is lost sometime prior to
adulthood, a process known as closure. Therefore in adult animals it is unlikely that
enterocyte uptake occurs and infection is most likely to occur via the M cells. Bacilli
within M cells are released into the interstitial space and are then taken up by
macrophages or dendritic cells underlying this epithelium. Infected mononuclear
phagocytes may then process and present antigen to Peyer's patch lymphocytes or
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recirculate via mesenteric lymph nodes, thoracic duct, systemic circulation and into the
lamina propria. Early histopathological evidence shows that lesions are multifocal and
deep within the lamina propria suggesting haematogenous spread rather than trans-
epithelial spread (Chiodini, 1991).
In other mycobacterial disease a prominent feature of the immunopathology is the
inability of macrophages to kill or inhibit intracellular growth of mycobacteria. In
paratuberculosis a similar situation can be seen. It has been shown that macrophages
associated with Peyer's patches contain few if any bacilli whereas those in the lamina
propria contain numerous bacilli, indicating some differences in macrophage activation
between these two sites. It has been suggested that, although resident macrophages and
recently emigrated blood monocytes may have considerable ability to phagocytose
M. paratuberculosis, they appear to be unable to kill or inhibit intracellular growth
(Zurbrick and Czurprynski, 1987). One study has attempted to determine this failure in
macrophage activation and showed that glycolipid fractions of M. paratuberculosis were
able to inhibit activated macrophage killing (Hines and Snider, 1991). This inhibition
has been well documented in other species of mycobacteria, where glycolipids such as
lipoarabinomannan inhibit macrophage activation induced by IFNy (Sibley et al., 1988;
Toba et al., 1989).The inability of resident tissue macrophages to limit bacterial
multiplication could stimulate the release of TNFa and other cytokines, which as well as
promoting granuloma formation also attract naive blood monocytes and other
inflammatory cells. Newly recruited blood monocytes would develop into modified
macrophages such as epithelioid and giant cells that are frequently observed in
granulomatous lesions of Johne's disease (Zurbrick and Czurprynski, 1987).
The massive cellular infiltration leads to the characteristic thickening of the intestinal
mucosa, compromising vascularity and lymphatic drainage, and as a result the animal
becomes emaciated over the course of chronic infection from a combination of intestinal
malabsorption and protein losing enteropathy (Chiodini et al., 1984). TNFa (also
known as cachectin) which is released by activated macrophages may also be
responsible for the cachexia and intermittent fever observed (Silva and Faccioli, 1988;
Tracey et al., 1988).
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A spectrum of immunopathology of mycobacterial disease has been proposed and has
been well characterised for leprosy (Ridley and Jopling, 1966). At one extreme,
tuberculoid leprosy is characterised by a strong cellular immune response, resulting in
few if any bacilli, and no antibody response. At the other extreme, lepromatous leprosy
is characterised by poor cellular immunity, large numbers of bacilli, and a good specific-
antibody response. In paratuberculosis the variation in the response is less clear but
Chiodini (1991) has proposed that there is an inverse relationship between cell-mediated
and humoral immunity and that the humoral response is directly related to the bacillary
load of the host. The studies by Garcia-Marin et al. (1991) suggest that sheep with a
lepromatous-type morphology had detectable antibody responses whereas those with a
more tuberculoid-type lesions were not detected by serological assay.
1.6.2 Cellular immune response in ruminant paratuberculosis
It is proposed that during infection with M. paratuberculosis in the neonatal animal,
bacilli could be taken up by either M cells and subsequently by macrophages, or
enterocytes for processing and presentation. Presentation by the M cell/ macrophage
pathway is thought to favour selective activation of T helper cells, whereas presentation
by the enterocyte pathway favours activation of T suppressor cells (Chiodini, 1991).
Activation of predominantly T suppressor cells may result in antigen unresponsiveness,
or oral tolerance, and uncontrolled bacterial proliferation, whereas activation of
predominantly T helper cells would result in the development of an effective immune
response and elimination of bacilli.
One in vivo method used to assess the cell-mediated immune response in
paratuberculosis infection is the delayed-type hypersensitivity (DTH) reaction which is
mediated by circulating antigen-specific T helper cells. The DTH response appears to be
poorly developed in paratuberculosis-infected animals, and may indicate that the
immune response to mycobacterial antigens in these animals is localised elsewhere, or
suppressed or tolerised. (Chiodini, 1991; Kreeger and Snider, 1992). Suppression or
tolerance of cell-mediated immunity may be due to the innate or specialised features of
the GALT. In vitro lymphocyte proliferation assays have been used to demonstrate
antigen-specific cell-mediated immune responses in naturally infected animals (Buergelt
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et al., 1977; Kreeger and Snider, 1992). In vitro studies on PBMC from cattle
immunised with irradiated M. paratuberculosis showed a biphasic proliferative
response; the initial response being due to CD4 T cells, followed by a period of anergy
associated with a reduction in CD4 T cells relative to CD8 T cells. This was followed by
a secondary proliferative response, predominantly by CD 8 T cells and y8 T cells.
PBMC from naturally infected animals showed a pattern similar to the secondary
response when tested in vitro (Chiodini and Davis, 1992).
PBMC from paratuberculosis-infected animals generally show in vitro proliferative
responses to mycobacterial preparations such as PPD and Johnin (Buergelt et al., 1977;
Kreeger and Snider, 1991). However, there is very little data available regarding
antigen-specific proliferative responses to individual mycobacterial antigens. Gilot et al.
(1992) were able to induce an M. paratuberculosis-specific proliferative response to the
34-kDa antigen of M. paratuberculosis. Studies have attempted to identify the T cell
subsets contributing to the proliferative responses to M. paratuberculosis antigens and
it would appear that all subsets are involved (Chiodini and Davis, 1992; 1993). It has
been reported that the MHC-restricted proliferative responses of CD4 T cells to
mycobacterial antigens were depressed in M. paratuberculosis-in£ected and -immunised
animals and that this was associated with the presence of y6 T cells and CD8 T cells
(Chiodini and Davis, 1992). Suppression of in vitro T cell proliferative responses by
cytotoxic CD8 T cells has been observed in lepromatous leprosy (Modlin et al., 1986;
Molloy et al., 1989; Kaplan and Cohn, 1991). Further studies by Chiodini and Davies
(1993) showed that the suppressive effect of y8 T cells in regulating CD4 T cell
responses could be blocked by CD8 T cells, but the mechanism of action was not
determined.
1.6.3 Humoral immune response in ruminant paratuberculosis
In paratuberculosis infection there is an initial cell-mediated response progressing to
initiation of a humoral response coinciding with release of bacteria from infected
macrophages, followed by a period of anergy (Bendixen, 1978; reviewed by Chiodini
et al., 1984). The mechanism of anergy has not been thoroughly investigated but may
be due to the release of soluble suppressor factors from macrophages. This mechanism
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has been proposed for the unresponsiveness observed in lepromatous leprosy (Salgame
et al., 1981; Birdi et al., 1981). Davies et al. (1974) demonstrated that a humoral factor
could suppress proliferative responses in vitro in animals chronically infected
with M. paratuberculosis.
It has been reported that following oral inoculation of young ruminants with
M. paratuberculosis, the antibody response was initially IgM, followed by a period
where antibody responses could not be detected. Much later on in the course of the
disease, probably at the bacteraemic stage, the antibody response was either IgM or IgG
(Chiodini, 1991). There is little data on the characterisation of the humoral response to
natural M. paratuberculosis infection, but one study has revealed significant levels of
IgGl antibody, which recognises crude protoplasmic antigen of M. paratuberculosis, in
sera from cattle with paratuberculosis (Yokomizo et al., 1983).
The humoral response has been used for serodiagnostic purposes and a variety of
antigen preparations have been evaluated, but all these assays lack sensitivity and
specificity (Bech-Nielsen et al., 1992; Ridge et al., 1991; Dimarelli-Malli et al., 1991).
Those M. paratuberculosis antigens so far evaluated include Johnin, PPD, protoplasmic
antigen, lipoarabinomannan and purified protein preparations antigens A and D (Sugden
et al., 1991; Dimarelli-Malli et al., 1991; Bech-Nielson et al., 1992). A recombinant 34-
kDa protein which appears to be M. paratuberculosis-specific has been used in an
ELISA and may have application in the serological analysis of Johne's disease (De
Kesel et al., 1993). The further application of molecular cloning techniques should
generate more recombinant antigens and allow more detailed characterisation of both
cellular and humoral responses to M. paratuberculosis.
1.7 An hypothesis for the role of hsp60 in mycobacterial immunity
The interaction between mycobacteria and their mammalian hosts inevitably leads to
changes in the environment for both organisms. One of the mechanisms used by both
organisms to adapt to such changes will be the expression of stress proteins.
Mycobacterial hsp60s have 50% identity with their mammalian counterparts and these
molecules contain significant stretches of complete sequence identity, alternating with
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regions of great variability (Jindal et al., 1989; Thole and Van der Zee, 1990). The
mycobacterial hsp60s may therefore be viewed as comprising mycobacterial-specific
epitopes (non-conserved epitopes) and epitopes that resemble host stress protein
epitopes (conserved epitopes). During an immune response to a mycobacterial infection,
mycobacterial stress proteins will be processed by infected cells, and both non-
conserved and conserved epitopes of the mycobacterial hsp60 will be presented. The
immune response by the host to non-conserved epitopes would be expected to be
decidedly beneficial.
At the same time, stress proteins synthesised by infected host cells will be processed
and presented to the host's immune system. It is usually expected that the host would be
tolerant to endoplasmic reticulum epitopes. However, recognition by T cells of self
stress proteins may be a mechanism to alert a basic component of the host immune
system to infected cells (Young and Elliot, 1989). y8 T cells have been proposed for
such a role (Janeway, et al., 1988) and it is likely that some CD4 and CD8 T cells play a
role in this process. Such reactivity would allow an early immune response to infected
and stressed cells prior to the development of a more complex adaptive immune
response to the non-self epitopes of the pathogen.
The dilemma for the host immune system is that the production of mycobacterial stress
proteins, and the production of self stress proteins, may provide an excessive amount of
stress signal to the early phase of the immune system. This early immune response,
usually to self stress protein epitopes, would be continually fuelled by conserved
epitopes derived from mycobacterial stress proteins. Initial infection with mycobacteria
could therefore elicit an immediate immune response targeted on hsp60, and persistence
of mycobacteria would result in constant stimulation of hsp60-specific T cells possibly
resulting in excessive cytotoxicity and tissue damage. This proposal could account for
the observation that mycobacterial hsp60 is a dominant target for the host immune
system. Evidence to support this suggestion is provided by the characterisation of the
immune response to mycobacteria which has revealed that both B and T cell responses
to conserved and non-conserved epitopes can be identified in infected individuals
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(Buchanan et al., 1987; Lamb et al., 1989; Munk et al., 1989). Similarly, B and T cell
responses to the mycobacterial hsp60 have been identified in healthy individuals
(Ottenhoff et al., 1988; Kale et al., 1990).
It is generally agreed that the immune system has developed to distinguish self from
non-self, and this is fundamental to the host's ability to mount an appropriate and
effective immune response against pathogenic organisms. The identification of stress
proteins such as hsp60, which share extensive identity with self stress proteins, as
dominant targets for the immune response to bacterial and parasitic diseases is
contradictory to this fundamental concept.
Cohen and Young (1991) have proposed the theory of the immunological homunculus
as a possible explanation for these observations. The immunological homunculus is
composed of cellular networks centred around a few self antigens, each encoded by its
own network (Cohen, 1989). In addition, the existence of two immune systems is
proposed: one a connected network of tightly regulated autoreactive lymphocytes and
the other an unconnected, uncontrolled population of non-autoreactive lymphocytes
capable of mounting an aggressive response on contact with foreign antigen (Cohen and
Young, 1991). Stress proteins are produced by both host and pathogen in response to
invasion and the homunculus-encoded dominance of these molecules directs the effector
immune response to the pathogen as long as the stress persists. However this cellular
network has the potential to be misdirected. In autoimmune disease there might be a
failure in the regulation of autoreactive lymphocytes, and in microbial disease there may
be excessive regulation.
1.8 Aims of this thesis
Research into the immunopathogenesis of M. paratuberculosis infection in ruminants
has gained new impetus with the resurgence in interest of a role for this organism in the
pathogenesis of Crohn's disease (Seldenrijk et al., 1990; Moss et al., 1991). As a
consequence of this, interest has focused on the generation of defined reagents such as
recombinant antigens and monoclonal antibodies which will allow a more detailed
examination of the immunopathogenesis of both Crohn's disease and paratuberculosis.
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In order to investigate aspects of the immune response in ovine paratuberculosis and in
particular the role of M. paratuberculosis 60-kDa stress protein, it was necessary to
generate appropriate reagents to undertake this investigation. Therefore, the main aims
of this thesis were:
i) to clone and sequence the DNA encoding M. paratuberculosis 60-kDa stress protein.
ii) to express this DNA in a bacterial expression system and derive recombinant
M. paratuberculosis 60-kDa stress protein.
iii) to generate monoclonal antibodies to M. paratuberculosis 60-kDa stress protein for
use in immunohistochemical studies.
These three aims were successfully achieved within the time course of the thesis.
Because of this, and the success in obtaining relatively large amounts of recombinant
M. paratuberculosis 60-kDa stress protein, two further aims were set:
iv) to develop in vitro immunological assays based on the use of recombinant
M. paratuberculosis 60-kDa stress protein.
v) to use these assays for a preliminary investigation of the immune status of animals
infected with M. paratuberculosis.
As the majority of the thesis had been involved with the cloning and expression of
M. paratuberculosis 60-kDa stress protein, insufficient time permitted only preliminary
immunological studies to be attempted. Whilst progress was made with these secondary
aims, the scarcity of M. paratuberculosis-infected animals at the time of year when this








E. coli strain JM101 (supE, thi, A(lac-proAB), [F', traD36, proAB, lacfJ Z AM15])
(Yanisch-Perron et al., 1985) was used for bacterial transformations involving pTZ-
based plasmids, while the E. coli strain JM83 (ara, A(lac-proAB), rpsL(=strA), <|)80,
lac Z AM15) (Yanisch-Perron et al., 1985) was used for transformations with the
pGEX-based plasmid (Pharmacia Biotech, Milwaukee, Wisconsin, USA).
2.1.2 Vectors used in cloning, sequencing and expression
The phagemid vectors pTZ18R, pTZ19R (Yanisch-Perron et al., 1985) and helper
phage M13K07 (Messing, 1983) were purchased from Pharmacia Biotech. The pGEX-
2T expression vector (Smith et al., 1988) was also purchased from Pharmacia Biotech.
2.1.3 Molecular biological reagents
All chemicals were supplied by Sigma Chemical Company, Poole, Dorset, England or
BDH Chemicals Limited, Poole, Dorset, England unless otherwise stated. All enzymes
used in molecular biological techniques were supplied by Boehringer Mannheim, BCL,
Lewes, England unless otherwise stated. Radiolabeled compounds were supplied by
Amersham International pic., Amersham, Bucks, England.
2.1.4 Immunological reagents
Media and plasticware used for cell culture was supplied by Gibco Biocult, Uxbridge
unless otherwise stated. The following antigens were used in immunological
procedures: purified protein derivative of M. paratuberculosis (PPD, batch 295) was a
gift from the Central Veterinary Laboratory, Weybridge and M. bovis and M. leprae
rhsp60s were gifts from RIVM, Bilthoven, Holland. Ovalbumin (Grade V) was
obtained from Sigma (cat. no. A5503). Monoclonal antibodies (mabs) used in this
thesis were gifts from investigators at their place of origin (Table 2.1). Monoclonal
antibody II H9 (Gillis and Buchanan, 1982) (anti-M leprae hsp60) was supplied by Dr.
T. Shinnick, Centre for Disease Control, Atlanta, Georgia, USA.
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Table 2.1
Monoclonal antibodies used in this investigation are listed together with their respective
specificities and isotypes.
Antibody Specificity Isotype Reference
86D anti-ovine 7 5 TCR IgGl Mackay et al, 1989
SBU-T4 anti-ovine CD4 IgG2a Maddox et al, 1985
SBU-T8 anti-ovine CD8 IgG2a Maddox et al, 1985
VPM8 anti-ovine Ig light chain IgGl McConnell et al, unpublished
VPM6 anti-ovine IgGl&IgG2 IgGl Jones, 1988
VPM13 anti-ovine IgM IgG2b Jones, 1988
SBU-1 anti-ovine MHC class I IgGl Gogolin-Ewens et al, 1985
II H9 anti-M. leprae hsp60 IgGl Gillis & Buchanan, 1982
2F7 irrelevant monoclonal IgM unpublished
1C3 irrelevant monoclonal IgGl unpublished
2.2 Animals
All procedures involving experimental animals were carried out in accordance with the
regulations laid down in The Animals (Scientific Procedures) Act, 1986.
2.2.1 Sheep
Male and female Finnish Landrace x Dorset, Grey Faced x Suffolk sheep of various
ages were obtained from the Moredun Research Institute, Edinburgh. Animals were
immunised with 1 mg ovalbumin or with 0.5 mg fusion protein (glutathione S-
transferase/M paratuberculosis 60-kDa stress protein) emulsified (1:1) in complete
Freund's adjuvant (CFA) containing H37RA M. tuberculosis (Sigma), injected over
two sites intramuscularly. A second immunisation with the same antigens in incomplete
Freund's adjuvant (IFA) was given four weeks later. Paratuberculosis-infected sheep of
various ages and breeds were obtained from farms where paratuberculosis was
endemic. Non-infected sheep were obtained from farms with no known history of
paratuberculosis. Infected and non-infected animals were diagnosed by a positive or
negative result respectively on an agarose gel immunodiffusion test (AGID) carried out
by a commercial laboratory.
2.2.2 Mice
Balb/c mice bred in the Department of Veterinary Pathology animal house, University of
Edinburgh were used for monoclonal antibody production. Mice were primed with
recombinant M. paratuberculosis 60-kDa stress protein emulsified in IFA by
subcutaneous injection at several sites. Subsequent immunisations were given by
intraperitoneal injection of antigen in PBS at 2-3 week intervals. After immunising mice
three times, animals were test bled by removal of a portion of the tail. A 100-200 pi
blood sample was centrifuged at 40000 rpm for 5 minutes, the serum removed and
tested for its reactivity towards priming antigen in an enzyme-linked immunosorbent
assay (ELISA). Balb/c mice bred in the Department of Pathology, Medical school
University of Edinburgh were used for production of recombinant M. paratuberculosis
60-kDa stress protein-specific T lymphocytes. Recombinant M. paratuberculosis
60-kDa stress protein emulsified in IFA was injected subcutaneously into the base of the
tail and draining lymph nodes were removed for lymphocyte purification.
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2.3 Media
2.3.1 Medium for bacterial culture
The basic growth medium for E. coli strains was Luria-Bertani (LB) medium (1%
tryptone, 0.5% yeast extract, 1% NaCl made to pH 7.4 with 5N NaOH). The selective
medium was LB containing 150 pg/ml of ampicillin (LBAmp).
2.3.2 Medium for lymphocyte culture
Lymphocyte cultures were maintained in RPMI 1640 (Gibco Biocult, cat. no. 074-
1800) supplemented with 2 mM L-glutamine, 100 U/ml benzylpenicillin and 100 U/ml
streptomycin, 0.05 mM 2-mercaptoethanol and 2 g/litre sodium bicarbonate (cRPMI)
with 10% fetal calf serum (FCS) (Flow Laboratories, Hertfordshire). Wash medium
consisted of cRPMI and only 1% FCS.
2.3.3 Medium for hybridoma culture
Hybridoma cell lines were maintained in RPMI 1640 supplemented with 15% FCS,
2 mM L-glutamine and 1 mM sodium pyruvate, 100 U/ml benzylpenicillin and
100 U/ml streptomycin, and 25 mM HEPES (pH 7.2).
2.4 Molecular biological techniques
The manipulation and cloning of DNA, including phenol:chloroform extraction of
nucleic acids and their subsequent precipitation by ethanol and sodium acetate, were
based on the methods of Sambrook et al. (1989).
2.4.1 Polymerase chain reaction (PCR)
PCR was carried out according to Saiki (1989). The template DNA for PCR was either
genomic DNA prepared from M. paratuberculosis strain 18 (a gift from CVL,
Weybridge) or miniprep material from PCR-generated clones. Template DNA, 100 ng
of genomic DNA or 10 ng of miniprep DNA, was mixed with 0.25 pmoles of each
primer (Oswel DNA, Edinburgh) and this was made up to 10 pi with SDW. The
remaining PCR reagents were added as listed below:
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10 jj.1 O'Hara's buffer 50 mM potassium chloride
10 mM Tris.Cl, pH 8.8
3 mM dithiothreitol
0-50 mM magnesium chloride*
10 pi bovine serum albumin (BSA, 10 mg/ml)
10 pi deoxynucleotide triphosphates
(200 pmoles each of dATP, dCTP, dGTP, dTTP)
10 pi dimethyl sulfoxide (DMSO, 25-100%)*
0.3 pi Taq polymerase
Made up to 100 pi with SDW.
* Optimum concentrations for each PCR were determined.
Amplification reactions were carried out, under sterile mineral oil, in a thermal cycler
(Techne programmable Dri-block® PHC-1, Duxford, Cambridge) for 35 cycles, where
one cycle comprised: denaturation at 95°C for 30 seconds; annealing at 55°C for 30
seconds; extension at 72°C for 1.5 minutes; final extension at 72°C for 7.5 minutes.
2.4.2 DNA agarose gel electrophoresis
DNA was analysed by horizontal gel electrophoresis using 1.5% agarose gel in TAE
buffer (40 mM Tris.acetate; 1 mM EDTA, pH 8.0). The agarose was melted and
allowed to cool to 50°C prior to the addition of ethidium bromide (Sigma) at a final
concentration of 0.1 pg/ml. DNA was mixed with loading buffer (5% glycerol,
12.5 mM EDTA (pH 7.9), 0.25% bromophenol blue) and loaded into wells. Gels were
run at 5 - 10 V/cm for 30 - 60 minutes and the DNA was visualised on an ultra-violet
(UV) transilluminator. PCR products for subsequent cloning were run on 1.5% low-
melting-temperature (LMT) agarose gel (Sea plaque, FMC, Rockland, USA) at 5 V/cm
for 60 minutes and the relevant bands were excised. DNA markers were run on every
gel.
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2.4.3 Molecular cloning of DNA
2.4.3.1 Preparation of DNA fragments for blunt-ended or cohesive
ligation
Protruding ends of the PCR product or restriction fragments were converted to blunt
ends using the Klenow fragment of E. coli DNA Polymerase 1 (Jacobsen et al., 1974)
according to Sambrook et al. (1989). The PCR product or restriction fragments were
phenol: chloroform extracted, ethanol precipitated and the final pellet resuspended in
39 pi of SDW. Deoxynucleotide triphosphates (200 pM each of dATP, dCTP, dGTP,
dTTP), T4 kinase buffer and 1U of Klenow enzyme were added to a final volume of
50 pi and the reaction incubated at 37°C for 30 minutes. Fragment ends were
phosphorylated by treatment with T4 polynucleotide kinase (Sambrook et al., 1989),
where 3U of the enzyme and 0.5 pi 100 mM ATP were added directly to the above
reaction mixture and incubated at 37°C for 60 minutes.
For cohesive ligation, restriction fragments were phenol-chloroform extracted, ethanol
precipitated and separated by LMT agarose gel electrophoresis and the relevant band
excised for cloning.
2.4.3.2 Preparation of cut vector
Purified plasmid DNA was digested with the required restriction endonuclease at 37°C.
After 2 hours the DNA was analysed by agarose gel electrophoresis to ensure that
linearisation of the plasmid had taken place. To prevent non-recombinant transformants
the 5' phosphate group of the linearised plasmid was removed (Sambrook et al., 1989)
by adding 10U of calf intestinal alkaline phosphatase (CIP) for a further 30 minutes.
The CIP was inactivated at 75°C for 10 minutes and the DNA purified by phenol-
chloroform extraction and ethanol precipitation (Sambrook et al., 1989).
2.4.3.3 Ligation of DNA
For blunt-end ligation 50-100 ng of vector DNA were used in each reaction, at varying
molar ratios of insert : vector and made to 10 pi with SDW. 1 pi of T4 DNA ligase
buffer was added to 10U of T4 DNA ligase enzyme, made to 10 pi and kept on ice.
41
Insert and vector DNA were heated to 65°C. The mix was allowed to cool to room
temperature and added to the ice-cold ligase buffer mix. Controls for the ligation
reaction were ligase buffer mix plus, insert DNA alone or, vector DNA alone. The
ligation reactions were incubated for 16-20 hours at 15°C.
For ligation of DNA fragments with cohesive termini, 5U of T4 DNA ligase were used
and ligation mixes were prepared as described above but incubations were carried out at
room temperature for 2-6 hours.
Ligation mixtures were used to transform E. coli bacteria without purification.
2.4.4 Transformation of E. coli.
2.4.4.1 Preparation of competent E. coli.
E. coli cells competent for transformation by plasmid DNA were prepared by a
modification of the method of Hanahan (1983). 200 pi of a fresh overnight culture of
E. coli was diluted 1:100 into psi broth.
psi broth 2% tryptone
0.5% yeast extract
20 mM magnesium sulphate
10 mM sodium chloride
5 mM potassium chloride
Cells were grown with vigorous shaking (230 rpm) at 37°C, until the OD550 reached
0.3. 5 ml of the culture was diluted 1:20 in psi broth and grown until OD550 reached
0.48. The culture was chilled briefly on ice, and centrifuged at 2000 xg for 5 minutes at
4°C. The cell pellet was resuspended in 33 ml ice-cold Transforming Buffer I (TfBI)
and held on ice for 10-15 minutes before centrifuging at 2000 xg for 5 minutes at 4°C.
The pellet was resuspended in 4 ml of Transforming Buffer II (TfBII) and kept on ice
for a further 20 minutes. 200 pi aliquots were snap-frozen in liquid nitrogen and stored
at -70°C.
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TfBI and TfBII comprised the following:
TfBI 35 mM sodium acetate,
100 mM calcium chloride,
100 mM rubidium chloride,
50 mM manganese chloride,
15% glycerol,
Made to pH 5.9 with acetic acid.
TfBII 10 mM morpholinopropane sulfonic acid
10 mM rubidium chloride
75 mM calcium chloride
15% glycerol
Made to pH 6.8 with potassium hydroxide.
2.4.4.2 Transformation of E. coli with recombinant plasmid DNA
For bacterial transformation, 100 pi aliquots of competent E. coli were thawed on ice
and 100-200 ng of DNA added (10 pi of the ligation reaction mixture). The suspension
was chilled on ice for 30 minutes prior to heat-shocking at 42°C for 60-90 seconds.
Cells were cooled briefly and then each aliquot was made to 1 ml with LB broth
(containing no antibiotics) and incubated, with shaking, at 37°C for 1 hour. Cells were
pelleted at 500 xg for 10 seconds and resuspended in 200 pi of LB. Initial "blue-white"
selection (Sambrook et al., 1989) was achieved by plating out cell suspension on
LBAmp agar containing 5-bromo-4-chloro-3-indolyl-(3-D-galactoside (X-gal) (0.25
mg/ml in dimethylformide) and isopropylthio-(3-D-galactoside (IPTG) (0.20 mg/ml in
SDW). White, ampicillin resistant colonies were picked and investigated for the
presence of plasmid DNA containing insert DNA by restriction endonuclease analysis
and Southern blot hybridisation. Subsequently positive transformants were streaked on
LBAmp agar plates. Stocks of transformed E. coli bacteria were stored in 15% glycerol
at -70°C (Sambrook et al., 1989).
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2.4.5 Miniprep of plasmid DNA
Transformed E. coli were grown to saturation in LBAmp broth and 10 ml of this culture
was used for the preparation of plasmid DNA isolated by the alkaline / SDS lysis
method of Ish-Horowicz and Burke (1981). The bacteria were pelleted, resuspended in
200 pi GTE buffer (50 mM glucose; 25 mM Tris.Cl, pH 8.0; 10 mM EDTA, pH 8.0)
and lysed by adding 400 pi sodium dodecyl sulphate (SDS) buffer (0.2N sodium
hydroxide, 1% SDS). 300 pi of ice-cold 3M potassium acetate (pH 4.8 with acetic acid)
was added to precipitate denatured chromosomal DNA and protein. This material was
removed by centrifugation. Plasmid DNA was recovered from the supernatant by
precipitation with the addition of 0.6 volumes isopropanol. Precipitated plasmid DNA
was pelleted by centrifugation, resuspended in SDW and phenolxhloroform extracted.
DNA was precipitated by addition of ethanol, centrifuged and the final DNA pellet was
resuspended in 20 pi of SDW containing a final concentration of 50 pg/ml RNase A.
2-5 pi of miniprep DNA was analysed by restriction endonuclease digestion followed
by agarose gel electrophoresis.
2.4.6 Restriction endonuclease digestion of plasmid DNA
Digestions were carried out, in the incubation buffer supplied by the manufacturer with
the restriction enzyme, in a final volume of 20-50 pi with 1-25U enzyme/1 pg of
purified DNA. DNA was digested for 2-3 hours at 37°C.
2.4.7 Large scale purification of plasmid DNA
Large scale preparations of plasmid DNA were based on the alkaline lysis methods of
Birnboim and Doly (1979) and Ish-Horowicz and Burke (1981). Transformed E. coli
were grown, with shaking at 37°C, overnight in 500 mis LBAmp broth. Bacteria were
pelleted by centrifugation (7500 xg for 10 minutes) and the supernatant removed. Cells
were resuspended in 36 mis of GTE buffer (50 mM glucose; 25 mM Tris.Cl, pH 8.0;
10 mM EDTA) and 4 mis of freshly made lysozyme (40 mg/ml in GTE) were added,
mixed thoroughly and incubated at room temperature for 30 minutes. 80 mis of freshly
prepared alkaline SDS (0.2M NaOH, 1% SDS) were then added, mixed gently and the
suspension incubated on ice for 10 minutes. To this 40 mis of ice-cold 3M potassium
acetate (pH 4.8 with acetic acid) was added, incubated on ice for 60 minutes with
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occasional agitation to break up the precipitate. The suspension was centrifuged (15000
xg for 10 minutes) to pellet chromosomal DNA and protein. The supernatant was
removed, avoiding floating precipitate, to a fresh centrifuge bottle and 0.6 volumes of
ice-cold isopropanol added. Plasmid DNA was recovered by centrifugation (9500 xg
for 10 minutes) and the pellet resuspended in 30 mis TE (10 mM Tris.Cl, pH 8; 1 mM
EDTA). 30 g of solid caesium chloride were dissolved in this suspension and ethidium
bromide was added to a final concentration of 800 pg/ml. A caesium chloride gradient
was formed by centrifugation at 40000 rpm for 18 hours at 20°C in a Beckman Vti 50
rotor (Beckman L8-60M ultracentrifuge). DNA intercalated with ethidium bromide was
visualised under UV and collected with a syringe and needle. The ethidium bromide
was removed by isoamyl alcohol extraction 6 times and made up to 10 mis with TE
buffer. The DNA was then precipitated with 2.5 volumes of 70% ethanol for one hour
at 4°C and centrifuged at 9500 xg to pellet the DNA. The pellet was resuspended in TE
and precipitated twice in 1 volume 3M ammonium acetate and 2 volumes 95% ethanol.
The final pellet was washed with 70% ethanol. Purified DNA pellet was then
resuspended in SDW and the concentration measured by spectrophotometry. Plasmid
DNA was stored at -70°C.
2.4.8 Quantitation of DNA
A suitable dilution of purified DNA in SDW was prepared and the optical density at
260nm and 280nm was measured on a spectrophotometer. Pure DNA gives an
approximate OD26q/OD2£q ratio of 1.8. An OD260 of 1 corresponds to approximately
50 pg/ml of double-stranded DNA. The concentration of purified DNA was further
verified by visualisation on ethidium bromide agarose gel electrophoresis against
standards of known DNA concentration. Concentrations of relatively less pure DNA
such as miniprep DNA was also estimated on agarose gel alongside known DNA
standards.
2.4.9 Southern blot hybridisation
2.4.9.1 Southern blot
DNA was separated by electrophoresis through 1.5% agarose gel. The DNA within the
gel was subsequently denatured in 1.5M NaCl, 0.5M NaOH for 45 minutes with
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constant agitation. The gel was then rinsed in deionised water and neutralised in
1M Tris.Cl (pH 7.4), 1.5M NaCl for 15 minutes.The neutralisation buffer was
replaced and incubated for a further 15 minutes. DNA was transferred onto the nylon
membrane (Hybond-N, Amersham) by capillary action using lOx SSC as the transfer
buffer, overnight. Agarose gels were inspected under UV, using a transilluminator, for
successful transfer of DNA. The nylon membrane was soaked in 6x SSC for 5 minutes
and allowed to dry. DNA was fixed to the membrane by exposure to UV irradiation
using a transilluminator for 12 minutes.
2.4.9.2 Radiolabelling of DNA probes
The 5' termini of the single-stranded oligonucleotide probe were end-labelled using
T4 polynucleotide kinase. 25 ng of probe was end-labelled with 50 pmoles [y32P]ATP
using 10U of T4 polynucleotide kinase in T4 kinase buffer (0.5M Tris.Cl, pH 7.6;
0.1M magnesium chloride; 50 mM DTT; BSA, 0.5 mg/ml). The reaction mixture was
made to 30 pi with SDW and incubated for 2 hours at 37°C and either used immediately
or stored at -30°C until required.
The 3' termini of double-stranded PCR product to be used as probe were end-labelled
using the Klenow fragment of DNA polymerase I. 1 pg of probe was end-labelled
with 2 pmoles [a32P] dCTP using the Klenow fragment of DNA polymerase I and
unlabelled dNTPs (2 nmoles each of dATP, dGTP, dTTP) (Feinberg and Vogelstein,
1983). The reaction mix was made up to 50 pi with SDW and incubated for 37°C for
3-4 hours. Double-stranded radiolabeled probe was denatured by boiling prior to use.
2.4.9.3 Hybridisation of nylon membrane
The membrane was soaked in 6x SSC for 5 minutes then placed in a sealable bag. 50 ml
of prehybridisation solution (7x SSC; 0.5M Na pyruvate; 1% BSA; 15 mg/ml yeast
tRNA) was added and incubated for 2 hours at 68°C. The solution was replaced with
fresh prehybridisation solution including the 32P-labelled probe and incubated overnight
at 37°C. The hybridised membrane was first washed in 2x SSC, 0.5% SDS at room
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temperature and subsequently in 2x SSC, 0.1% SDS for 15 minutes at room
temperature. The solution was replaced with O.lxSSC, 0.5% SDS for a further
30 minutes at 37°C and was in turn replaced with fresh O.lx SSC, 0.5% SDS and
incubated for a further 30 minutes, before a final wash in O.lx SSC. The membrane
was air-dried and covered in 'cling film' and applied to Kodak XAR X-ray film to
obtain an autoradiographic image.
2.4.10 Sequencing of DNA
2.4.10.1 Preparation of single-stranded DNA.
Single-stranded DNA for use as template in sequencing reactions was prepared by a
modification of the protocol supplied with the pTZ phagemid (Pharmacia Literature
1983). JM101 bacteria transformed with recombinant pTZ were grown in 2xYT
(1.6% tryptone, 1% yeast extract, 86 mM NaCl, made to pH 7.4 with potassium
dihydrogen phosphate) supplemented with ampicillin (150 pg/ml) until the OD660
reached 0.5. 400 pi of this culture was infected with helper phage M13K07, at a
multiplicity of infection of 10, and shaken vigorously for 1 hour at 37°C. The culture
was then made to 10 mis with 2x YT supplemented with 150 pg/ml ampicillin.
Kanamycin was added to 70 pg/ml and the culture grown at 37°C for 16-18 hours with
vigorous shaking. The cell culture was then centrifuged twice at 4000 xg for 15 minutes
at 4°C to remove bacterial cells. The phage particles in the supernatant were precipitated
by the addition of polyethyleneglycol and sodium chloride (to a final concentration of
4% PEG; 700 mM NaCl). After 30 minutes on ice the phage were recovered by
centrifugation at 11000 xg for 40 minutes at 4°C. Care was taken to remove all the PEG
from the phage pellet, which was subsequently resuspended in 400 pi of TNE buffer
(20 mM Tris.Cl, pH 7.5; 20 mM NaCl; 1 mM EDTA). Single-stranded DNA (ssDNA)
was extracted with phenol-chloroform and ethanol precipitated. The ssDNA was
pelleted by centrifugation and resuspended in 20 pi of SDW. 2 pi of this suspension
was electrophoresed through 1.5% agarose and examined under UV to determine the
yield and purity of ssDNA.
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2.4.10.2. Single-stranded sequencing reactions
DNA was sequenced using the dideoxynucleotide chain termination method (Sanger,
1977). Ml3 reverse sequencing primer (Pharmacia) or other internal primers (Oswel
DNA, Edinburgh) were used and each reaction was labelled with 7 pCi of [a-35S]-
dATP (specific activity 400 Ci/mmol) using the Sequenase II kit (USB corporation,
Cleveland, Ohio, USA). Sequencing reactions were carried out according to the
protocol supplied with the Sequenase kit.
2.4.10.3. Double-stranded sequencing reactions
Miniprep DNA was purified on a "Spinbind DNA extraction unit" (cat. no. 61003,
FMC Bioproducts, Rockland, USA) according to the manufacturers instructions.
Before double-stranded sequencing, 5 pg of purified miniprep DNA was denatured and
annealed with the primer by boiling for 5 minutes (20:1 molar excess, primentemplate)
in Sequenase reaction buffer and snap-cooled on ice. Subsequently reactions were
carried out as for single-stranded sequencing reactions except that 10% DMSO was
added to the labelling reaction.
2.4.10.4. Sequencing gel electrophoresis.
DNA sequencing samples were electrophoresed through 6% acrylamide (19 : 1
acrylamide : bisacrylamide; 7.67 M urea in 45 mM Tris.Cl; 45 mM boric acid;
5 mM Na2EDTA, pH 8.3). Prior to casting, the gel acrylamide solutions were de¬
gassed under vacuum and filtered through a 0.45pm filter. Slab gels were cast in a
Hybaid sequencing gel apparatus (38 x 50 cm) (Hybaid Limited, Teddington,
Middlesex). Wells were formed using a sharkstooth comb. The running buffer in the
electrode tanks comprised 0.5x TBE buffer (45 mM Tris; 45 mM boric acid; 5 mM
EDTA, pH 8.3). Gels were pre-run at 50W until the gel temperature reached 50°C.
Samples were denatured by heating to 80°C for 3 minutes and 3 pi loaded into each
well. Sequencing gels were run for 2-8 hours at 50°C (40-50 W). Gels were transferred
onto 3MM paper and dried under vacuum at 80°C for 2 hours. Dried gels were applied
to Kodak XAR-5 X-ray film for 1-3 days at room temperature to obtain an
autoradiographic image.
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2.4.10.5 DNA sequence analysis
Sequence analysis was performed using version 7.0 of the University of Wisconsin
Genetics Computer Group (UWGCG) sequence analysis software package (Devereux
et al„ 1983).
2.5 Generation of M. paratuberculosis 60-kDa stress protein
2.5.1 Screening of recombinant pGEX-2T colonies
Recombinant pGEX-2T colonies and non-recombinant pGEX-2T colonies were
inoculated into 2 ml LBAmp and incubated for 3-5 hours at 37°C with shaking.
Expression of fusion protein was induced by addition of IPTG to 0.1 mM final
concentration and incubated for a further 2 hours. 1 ml of each culture was transferred
to an eppendorf tube, centrifuged at 9,000 xg for 30 seconds to pellet the cells and
supernatants were discarded. The cell pellets were resuspended in 300 pi ice-cold PBS
and 10pi was removed for sodium dodecyl polyacrylamide gel electrophoresis (SDS-
PAGE). Cells were lysed using a Dawe 2 mm probe sonicator at 25% power, for
3 x 30 second bursts, avoiding frothing and rested on ice between each burst. Lysates
were centrifuged at 9,000 xg to pellet cell debris and the pellets discarded. Supernatants
containing soluble cellular proteins were removed, 50 pi of a 50% slurry of glutathione-
agarose beads (glutathione insolubilised on cross-linked 4% beaded agarose, Sigma cat.
no. G 9761) added and mixed gently for 15 minutes at room temperature. Beads were
centrifuged and washed three times in ice-cold PBS. An equal volume of SDS-PAGE
sample buffer was added to the beads and the sample boiled for 2 minutes prior to SDS-
PAGE analysis.
2.5.2 Large scale purification of GST-hsp60 fusion protein
An inoculum taken from frozen glycerol stocks of a positive transformant was plated
out on LBAmp agar plates and grown overnight at 37°C. A single colony was
inoculated into 500 mis LBAmp and grown overnight at 37°C in a shaking incubator.
The overnight culture was diluted into 5 litres of fresh LBAmp and incubated for one
hour (or to an OD^q of 0.5). Cells were induced by adding 100 mM IPTG (to a final
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concentration of 0.1 mM) and incubated for a further 4 hours. The optimum time of
induction and length of induction were determined experimentally. Cells were pelleted at
4640 xg for 10 minutes at 4°C. The supernatants were discarded and the pellets
resuspended in 50 mis ice-cold PBS. All subsequent procedures were carried out on ice
and a cocktail of protease inhibitors were added (apoprotonin, chymostatin, leupeptin,
antipain, pepstatin A all at 625 ng/ml in DMSO; 5 pmoles phenylmethanesulfonyl
fluoride, PMSF, in ethanol; Sigma). Cells were lysed by sonication in 4x 30 second
bursts at 25% power, with 2 minutes cooling on ice between bursts. Triton X-100 was
added to 1% and insoluble debris was pelleted by centrifugation at 10300 xg for 10
minutes at 4°C. Supernatants were removed and 5 mis of a 50% slurry of glutathione-
agarose beads were added. The beads were mixed gently for 15 minutes at room
temperature and were subsequently washed 5 times in 50 mis of ice-cold PBS. Washed
beads were analysed by SDS-PAGE to check for purity and yield of GST-hsp60 fusion
protein.
2.5.3 Elution of GST-hsp60 fusion protein
GST-hsp60 fusion protein insolubilised on agarose beads was eluted by resuspending
the agarose beads in an equal volume of 50 mM Tris.Cl, 5 mM reduced glutathione
(Sigma cat. no. G 4251). The beads were mixed gently for two minutes at room
temperature and then collected by centrifugation at 500 xg for 10 seconds. Supernatants
containing soluble eluted fusion protein were removed. Elution was repeated twice, and
yields of eluted GST-hsp60 fusion protein were determined by dye-binding assay
(Bradford, 1976) supplied by Bio-Rad Laboratories, Hemel Hempstead, Hertfordshire
(Section 2.5.5.5).
2.5.4 Cleavage of GST-hsp60 fusion protein
GST-hsp60 fusion protein insolubilised on agarose beads was washed 2x in 20 vols
1% Triton X-100 in PBS and equilibrated in either Factor Xa or thrombin cleavage
buffer (50 mM Tris.Cl, pH 7.5; 150 mM NaCl and either 1 mM or 2.5 mM CaCl2,
respectively). Factor Xa (Boehringer Mannheim cat. no. 1179 896) or thrombin
(Sigma cat. no. T 4265) were added to 0.2-1% w/w fusion protein and incubated for
1-3 hours at room temperature. The suspension was centrifuged (500 xg for 1 minute)
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and supernatant containing soluble, cleaved protein was removed. Beads were washed
twice in wash buffer (50 mM Tris.Cl; 100 mM NaCl) and soluble wash fractions were
retained after each centrifugation. The protease digestion was stopped by the addition of
the protease inhibitor p-amidinophenyl methanesulfonyl fluoride (p-APMSF) to
80 pg/ml. Fractions were analysed by SDS-PAGE and yields of cleaved protein
estimated by dye-binding assay (Bio-Rad Laboratories).
2.5.5 Protein immunobiochemistry
2.5.5.1 SDS-PAGE
Protein separation was by discontinuous polyacrylamide gel electrophoresis through a
Tris-glycine buffer containing SDS (384 mM glycine; 0.1% SDS; 50 mM Tris.Cl,
pH 8). Gels were either 10% acrylamide or 5 - 20% linear gradient acrylamide
(30% acrylamide : 0.8% bisacrylamide) in 375 mM Tris.Cl (pH 8.7), 0.1% SDS
buffer. Stacking gels consisted of 3.5% acrylamide in 125 mM Tris.Cl (pF16.8),
0.1% SDS buffer. Protein samples were mixed with an equal volume of sample loading
buffer (10% (v/v) B-mercaptoethanol; 10% (w/v) SDS; 125 mM Tris.Cl, pH 6.8;
20% (v/v) glycerol; 0.1% (w/v) bromophenol blue), and boiled for 4 minutes before
electrophoresis through vertical slab gels using Bio-Rad Mini-protean II gel equipment.
Gels were run at 200V for 30-45 minutes and Pharmacia Electrophoresis Calibration Kit
markers (molecular weight range 14.4-kDa - 94.0-kDa) were electrophoresed on every
gel.
2.5.5.2. Staining of SDS-PAGE.
Gels were stained by Coomassie Blue staining or silver stain.
Coomassie Brilliant Blue G-250 (0.25% w/v, Sigma) was dissolved in methanol and
then made to 20% methanol, 5% acetic acid and filtered through Whatman No. 1 filter
paper. Gels were stained in Coomassie blue for 15 minutes at room temperature and
then destained in several changes of 20% methanol, 5% acetic acid.
For silver staining, gels were fixed in 50% methanol, 10% acetic acid for 15 minutes
with constant agitation. This was replaced by 5% methanol, 7% acetic acid for
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30 minutes and finally 10% gluteraldehyde for 30 minutes. Fixed gels were rinsed well
in several changes of water overnight. The gels were stained with silver stain (0.1%
silver nitrate) for 15 minutes rinsed in water and developed in 3% Na2C03/ 0.02%
formaldehyde solution. When required solid citric acid was added to stop the reaction
and developed gels were washed in several changes of distilled water. Gels were fixed
in 10% 'Ilfofix' (Ilford Ltd., Mobberley, Cheshire) for 1 minute and washed well in
water. Coomassie and silver stained gels were transferred to 3MM paper and dried at
80°C under vacuum on a Bio-Rad Laboratories Gel Drier (model 583).
2.5.5.3 Western blot analysis
After electrophoretic separation on SDS-PAGE, proteins were transferred to
nitrocellulose membranes (Hybond-C, 0.45p, Amersham) using a semi-dry
electroblotter (Ancos, Denmark) (Kyhse-Andersen, 1984). Transfer was performed in
25 mM Tris.Cl, 20% methanol for 45 minutes at a constant current of 120 mA. After
blotting, the nitrocellulose membranes were "blocked" using 5% non-fat dried milk
(Sainsburys, Savacentre, Edinburgh) in PBS before overnight incubation in primary
antibody, diluted in PBS /1% non-fat dried milk. Blots were washed in several changes
of blot washing buffer (lx PBS; 1% non-fat dried milk; 0.1% Tween 20) for 30
minutes at room temperature. Bound primary antibody was detected by incubating for
60 minutes at room temperature with either an anti-mouse (cat. no. B-7264, Sigma) or
anti-sheep (cat. no. PB360, The Binding Site Ltd., Birmingham) immunoglobulin
biotin conjugate (1:1000) followed by alkaline phosphatase conjugated to streptavidin
(1:1000) (Boehringer Mannheim Chemica, Germany). Excess reagents were removed
by washing in several changes of buffer over 30 minutes at room temperature. The
immunoblots were developed with 0.28 mg/ml nitro-blue tetrazolium (Sigma) and 70
pg/ml 5-bromo-4-chloro-3-indolyl phosphate (Sigma) in 68 mM Tris.Cl (pH 9.5),
0.3M MgCl2 as described by Pluzek and Ramlau (1988). Development of blots was
halted by washing in water.
2.5.5.4 ELISA
75 pi of antigen (100 pg/ml) was put into wells of a 96-well flat-bottomed plate and
incubated overnight at 4°C. Antigen was removed and wells were blocked with 100 pi
52
of PBSA (lx PBS; 1% BSA; 0.01% Na azide) for 60 minutes at room temperature.
Plates were washed three times in PBST (lx PBS; 0.1% Tween 80 ). Antisera was
diluted in PBSA and 75 pi added to each well. Plates were incubated for 30 minutes at
37°C and washed in PBST. Anti-species immunoglobulin biotin conjugate (1:1000)
(suppliers listed in previous section) was added for 30 minutes at 37°C and washed in
PBST. Streptavidin-alkaline phosphatase conjugate (1:1000) was added and plates
incubated for 30 minutes at 37°C. Plates were washed well in PBST with the final rinse
in ELISA substrate buffer (0.05M glycine, 0.03M NaOH, 0.25 mM each of ZnCl2 and
MgCl2). The plates were developed by adding ELISA substrate buffer containing
0.5 mg/ml of the phosphatase substrate, p-nitrophenyl phosphate (disodium salt, Sigma
cat. no. N2765) for 10-30 minutes at 37°C. ELISA plates were read at a wavelength of
405nm, on a Dynatech MR3000 micro ELISA plate reader.
2.5.5.5 Protein quantitation
Protein concentration in protein lysates was estimated by SDS-PAGE analysis and
Coomassie Blue staining against a known standard protein such as BSA. Purified
protein concentrations were estimated by a dye-binding assay (Bio-Rad Laboratories)
against known BSA concentrations according to the manufacturers instructions. Protein
purity was estimated by SDS-PAGE analysis and silver staining of proteins separated
on SDS-PAGE.
2.5.5.6 HPLC purification of fusion and recombinant proteins
GST-hsp60 fusion protein and M. paratuberculosis rhsp60 were further purified by
HPLC. Proteins were dialysed extensively against 20 mM Tris.Cl (pH 8) prior to
absorption onto an anion exchange (DEAE-5PW) HPLC column, 10 mm x 95 mm.
Absorbed proteins were then eluted over a 1-300 mM NaCl gradient over 40 minutes at
a flow rate of lml/min. Fractions of elutant were collected at two minute intervals and
analysed by SDS-PAGE and Coomassie staining. Fractions containing purified protein
were pooled, protease inhibitor added (p-APMSF, 80 pg/ml) and extensively dialysed
against PBS. HPLC was performed by D. Thomson, Department of Veterinary
Pathology, Edinburgh.
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2.5.5.7 N-terminal amino acid sequence analysis
HPLC-purified M. paratuberculosis rhsp60 liberated from the GST-hsp60 fusion
protein by either Factor Xa or thrombin cleavage was analysed by SDS-PAGE and
separated proteins transferred to a polyvinylidene difluoride (PVDF) membrane,
'ProBlott' (Applied Biosystems, California, USA). The protein bands of interest were
visualised by Coomassie Blue stain and excised. N-terminal amino acid sequencing by
automated Edman's degradation (Edman and Begg, 1967) was performed on an Applied
Biosystems 470A sequencing apparatus (Dr. P. Barker, Babraham, Cambridge).
2.6 Immunological techniques
2.6.1 Collection of blood and lymphocytes
Ovine lymphocytes were isolated from either peripheral blood or ileal mucosa. Murine
lymphocytes were isolated from lymph nodes.
2.6.1.1 Preparation of peripheral blood mononuclear cells (PBMC)
Ovine peripheral blood was obtained by venipuncture and collected into preservative-
free heparin at a concentration of 10 U/ml of blood. White blood cells were buffy coated
by centrifugation of heparinised whole blood at 1300 xg for 20 minutes at 20°C. Buffy
coat cells were removed, diluted 1:3 with sterile PBS and centrifuged over Lymphoprep
(Nyegaard, Oslo, Norway) at 850 xg for 20 minutes at 20°C, with no brake. PBMC
were isolated from the Lymphoprep-PBS interface and washed once with fresh PBS
and twice with wash media prior to any further treatment. Cells were harvested during
each wash procedure by centrifugation at 250 xg for 4 minutes at 4°C. Throughout this
thesis, cells were washed and harvested by centrifugation at 250 xg for 4 minutes at 4°C
unless otherwise stated.
2.6.1.2 Isolation of lymphocytes from lymph nodes
Lymph nodes were removed aseptically from animals by standard surgical techniques.
Lymph nodes were processed in sterile PBS supplemented with benzylpenicillin and
streptomycin at a final concentration of 100 U/ml. Cells were obtained by teasing the
node apart using forceps and a scalpel blade. The resultant cell suspension was depleted
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of large debris via sedimentation by gravity for 15 minutes. The supernatant was
collected carefully and cells were washed three times with media. Cells were diluted 1:3
with sterile PBS and centrifuged over Lymphoprep (Nyegaard, Oslo, Norway) at 850
xg for 20 minutes at 20°C, with no brake. Cells were isolated from the Lymphoprep-
PBS interface and washed once with fresh PBS and twice with wash media prior to any
further treatment.
2.6.1.3 Isolation of lamina propria lymphocytes from ileal mucosa
Sections of ileum were isolated by standard surgical techniques, opened by longitudinal
section and washed briefly in Hanks' balanced salt solution (HBSS) (cat. no. 041-
04020, Gibco). Sections were cut into 2-4 cm2 portions and placed in calcium- and
magnesium-free HBSS (cat. no. 041-04170, Gibco) supplemented with 1 mM EDTA,
1 mM DTT to remove the intraepithelial cells. Ileal sections were incubated at 37°C with
vigorous agitation and cell suspensions discarded. This was repeated twice. Sections
were then incubated in HBSS for one hour at 37°C, before replacement with fresh
HBSS containing 1 mM DTT, 5% FCS and 50 U/ml collagenase Type XI (Sigma cat.
no. C-7657). Tissues were digested for 1 hour and cell suspensions removed for
filtration over sterile nylon wool. Fresh media was added and incubation continued for a
further 1 hour. Cell suspensions were pooled and passed over sterile nylon wool to
remove cell debris. Mononuclear cells were purified by density gradient centrifugation
over Lymphoprep, washed and harvested.
2.6.2 Monoclonal antibodies and immunofluorescence staining
2.6.2.1 Immunolabelling of cell surface antigens
Cell surface phenotype was assessed using aliquots of 1 x 106 cells washed with PBA
(lx PBS; 0.1% BSA; 0.01% Na azide). Cells were incubated with 50 pi of the primary
monoclonal antibody at the appropriate dilution for 30 minutes on ice. Unbound
antibody was removed by washing three times with PBA. 50 p.1 of FITC conjugated
F(ab)2 fragment of rabbit anti-mouse immunoglobulin (cat. no. F313, Dakopatts,
Denmark) was added to cells for 30 minutes on ice. Subsequently, cells were washed
three times prior to analysis by flow cytometry.
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2.6.2.2 Immunofluorescence analysis
All immunofluorescence analysis described in this thesis was carried out using a Becton
Dickinson FACScan system, Mountain View, California, USA. After immunolabelling,
fluorescence measurements were made on homogeneous populations of cells by setting
electronic gates to select cells with defined forward and side scatter profiles (FSC and
SSC, respectively). Dead cells were excluded on the basis of forward light scatter. A
lymphocyte gate was. 104 'live gated' cells were analysed per sample. The fluorescence
profile of a gated population of cells was displayed as a histogram of fluorescence
intensity versus relative cell number. Positive fluorescence was established in
comparison to background fluorescence (cells stained with NMS). A marker was set to
the right hand side of the background fluorescence peak, and any fluorescence of
greater intensity than this marker (i.e. to the right of the marker) was judged as positive,
or more accurately, as specific fluorescence due to the binding of monoclonal antibody
to its specific cell surface ligand.
2.6.3 In vitro proliferation assays and lymphocyte culture
2.6.3.1 In vitro proliferation assays
Ovine or murine mononuclear cells were resuspended in culture medium. 1 x 10~*
cells/well were cultured in 96-well round-bottom micro-culture plates (Nunculon,
Denmark) with various°concentrations of antigen in a final volume of 200 pi in
triplicate. Positive and negative controls were established in the presence of Con A or
culture media alone, respectively. Cells were incubated at 37°C in a humidified
atmosphere of 5% C02/95% air for 3-5 days and pulsed with 1 pCi 3H-thymidine
(specific activity 2Ci/mMole, Amersham) over the last 5 hours. Cells were
collected onto glass filter paper using a Tomtek automated harvester and 3H-thymidine
incorporation was assessed by liquid scintillation counting. The results were expressed
as the arithmetic mean counts per minute (cpm) of triplicate cultures and the standard
deviation was generally less than 10% of the mean.
56
Stimulation indices (SI) were calculated as:
SI = Thymidine uptake of cells with antigen
Thymidine uptake of cells without antigen
2.6.3.2 Antigen-induced activation of PBMC
PBMC prepared from ovine peripheral blood, were resuspended in culture medium at
2 x 106/ml in either T25 (Cel Cult, Sterilin limited) or T75 (Nunculon, Denmark) tissue
culture flasks and cultured in the presence of antigen at a final concentration of
O
50-100 pg/ml. At various time intervals PBMC were harvested by centrifugation,
pelleted cells were washed three times in PBA and analysed by single colour
immunofluorescence.
2.6.4 Immunocytochemistry
Tissues were removed by standard surgical techniques and were snap-frozen in dry
ice/isopentane. Cryostat sections of tissue cut at 5 pm thickness were air-dried onto
glass slides and fixed for 10 minutes in acetone at 4°C.
2.6.4.1 Immunofluorescent staining of ileal mucosa
Expression of various ovine lymphocyte surface antigens was detected by staining with
some of the monoclonal antibodies listed in Table 2.1. Unbound antibody was removed
by washing in PBS. 100 pi of 1:10 dilution of FITC conjugated F(ab)2 fragment of
rabbit anti-mouse immunoglobulin (cat. no. F313, Dakopatts, Denmark) was added for
30 minutes at 37°C. Unbound FITC conjugate was removed by washing in PBS. Slides
were mounted in aqueous mount (Tmmumount', Shandon, Runcorn, Cheshire).
Positive staining was visualised by fluorescence microscopy.
2.6.4.2 Immunoperoxidase staining of ileal mucosa
Sections were washed in PBS for 5 minutes and placed in a semi-automated
immunostaining equipment ('Sequenza', Shandon). Non-specific binding was blocked
with 2% normal rabbit serum, 2% normal sheep serum in PBS (PBNR) for 30 minutes.
The primary antibody was added at the appropriate concentration and incubated
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overnight at 4°C. Excess reagent was removed by washing in PBS for 15 minutes.
Bound primary antibody was detected by incubating for 60 minutes at room temperature
with an anti-mouse immunoglobulin biotin conjugate followed by a further 30 minutes
at room temperature with horseradish peroxidase conjugated to streptavidin (both
reagents were obtained from the Vectastain Elite kit, Vector Laboratories, Burlingame,
California). Excess reagents were removed by washing. Endogenous peroxidase was
blocked by glucose oxidase (10 mM B-D Glucose; 1 mM Na azide; 5 U/ml glucose
oxidase; 0.1M Tris.Cl, pH 7.3) for 30 minutes at 37°C. Excess reagents were removed
by washing with PBS after which the enzyme substrate and the chromogen,
diaminobenzidine (DAB; Sigma) in SDW were added to the slide and left to develop for
10 minutes. The reaction was halted by rinsing the slide with water. The slides were
counter stained with haematoxylin followed by lithium carbonate, then washed with
excess water and dehydrated by passing through alcohol and subsequently 'Histoclear'
gradients prior to mounting with DPX (BDH). The slides were visualised by
conventional microscopy.
2.6.4.3 Ziehl-Neelson staining of ileal mucosa
Cryostat sections were prepared as for immunocytochemistry and fixed in buffered
formalin for two minutes. The sections were washed in water, flooded with carbol
fuchsin and flamed until steaming. The sections were allowed to cool for five minutes
and decoloured by addition of acid alcohol. After washing in water, the sections were
stained in haematoxylin for two minutes before being placed in Scott's tap water for one
minute. Sections were counterstained in 0.1% tartrazine for 30 seconds and washed in
alcohol, prior to being cleared in xylene and mounted in DPX.
2.6.4.4 Statistical analysis
Statistical analysis of the lymphocyte proliferative responses and antibody levels was
carried out using either the Student's t-test or the Mann-Whitney two sample rank test









The application of molecular cloning techniques to mycobacteria has been paramount to
the identification and characterisation of individual mycobacterial antigens. The cloning
and subsequent sequencing of these antigens has provided essential information on the
functional, structural and regulatory properties of these antigens, and has led to the
development of defined immunodiagnostic probes. To date some thirty or so
mycobacterial genes have been cloned and sequenced (reviewed by Young et al., 1990).
The mycobacterial hsp60 has been established as an immunodominant antigen in both B
cell responses (Engers et al., 1985, 1986) and T cell responses (Lamb et al., 1989;
Munk et al., 1989; O'Brien et al., 1989) in mycobacteria-infected animals, and for these
reasons it has been the most intensely studied of the mycobacterial antigens. The
mycobacterial hsp60s of M. leprae (Mehra et al., 1986), M. tuberculosis (Shinnick,
1987) and M. bovis (Thole et al., 1987), have been cloned from Xgtl 1-mycobacterial
recombinant DNA libraries and sequenced to completion. A number of workers have
provided evidence that the M. paratuberculosis 60-kDa stress protein may be a target for
the antibody response in various species of ruminants infected with paratuberculosis or
immunised with M. paratuberculosis antigens using immunoblotting techniques (Milner
et al., 1987; Whitehead, 1989; Crespo et al., 1991). For these reasons the gene
encoding the 60-kDa stress protein of M. paratuberculosis was selected for molecular
cloning.
Relatively few M. paratuberculosis genes have been cloned and sequenced to
completion. The genes that have been characterised are those encoding the 70-kDa
stress protein (Stevenson et al., 1991), a 34-kDa cell wall antigen (Gilot et al., 1993), a
34-kDa serine protease (Cameron et al., in press) and the insertion sequence IS900
(Vary et al., 1990). DNA encoding these proteins has been isolated from Agtll
recombinant DNA libraries using clinical isolates of M. paratuberculosis.
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The basic properties required by vectors which can be used for cloning fragments of
foreign DNA are that they: i) have the ability to replicate autonomously in recipient cells
in a recombinant state; ii) are easily separated and purified from endogenous host
nucleic acids; iii) do not contain regions of DNA that might affect propagation of the
host; iv) contain genes coding for selectable markers such as antibiotic resistance to
allow simple selection of transformed bacteria. Collectively, these properties should
allow the amplification of foreign DNA as if it were an integral part of the host, and the
purification of relatively large amounts of foreign DNA for further manipulation
(Sambrook, 1989). The most widely used technique for cloning of mycobacterial genes
has been the E. co/Z-based Agtl 1 expression vector (Young et al., 1985). This involves
the generation of random restriction fragments from mycobacterial genomic DNA,
rescue into the bacteriophage X vector, introduction into host E. coli and subsequent
detection by either oligonucleotide probes, or polyclonal or monoclonal antibodies.
One relatively recent technique, the polymerase chain reaction (PCR) (Saiki et al.,
1988), has developed as an adjunct to molecular cloning and analysis of DNA. PCR
allows the amplification of a fragment of DNA between two regions of known sequence
using relatively small amounts of target DNA. After rescue of the foreign DNA by
ligation to a suitable vector and transformation of recipient host cells, the PCR product
can be used for sequence analysis, and after further modification, have transcriptional
units and open reading frames (ORFs) expressed. PCR has been used as a sensitive
diagnostic test to amplify fragments of M. leprae (Haartskeerl et al., 1989),
M. tuberculosis (Pao et al., 1990; Brisson-Noel et al., 1991) and M. paratuberculosis
(Hance et al., 1989; Vary et al., 1990) from their respective genomic DNA.
The hsp60 family are highly conserved at the nucleotide level. PCR primers were
selected from regions of high identity and DNA encoding the 60-kDa stress protein of
M. paratuberculosis was amplified from M. paratuberculosis genomic DNA. The PCR
product was subsequently rescued into a pTZ-based plasmid to facilitate further
molecular cloning steps and nucleic acid sequencing. This is the first report of the




3.2.1 Verification of M. paratuberculosis genomic DNA
The strategy to clone the M. paratuberculosis 60-kDa stress protein gene was to use
PCR to amplify the DNA of interest from M. paratuberculosis genomic DNA. To verify
that the substrate DNA to be used was derived from M. paratuberculosis, a PCR was
carried out to detect DNA encoding the M. paratuberculosis-specific IS900 insertion
sequence element (Vary et al., 1990). PCR was performed using primers 365J and 367J
(Table 3.1) in the presence of 1 mM MgCl2. A predicted 229 base pair (bp) PCR
product was generated when M. paratuberculosis genomic DNA was used as template
for the PCR (Figure 3.1, lane 2) but not if E. coli genomic DNA was used (lane 3).
The 229 bp PCR product was subsequently detected by Southern blot using a [32P]-
labelled IS900-specific oligonucleotide probe internal to the IS900 PCR primers (Figure
3.1, lane 5). The nucleotide sequence of this oligonucleotide probe was:
5' - AGGTTGTGCCACAACCACCTCCGTA - 3' (Vary et al., 1990). The PCR and
hybridisation analysis strongly suggested that the DNA used was indeed
M. paratuberculosis genomic DNA. This genomic DNA was used as substrate for
amplification of DNA encoding the M. paratuberculosis 60-kDa stress protein (hsp60).
3.2.2 Amplification of M. paratuberculosis hsp60 DNA
3.2.2.1 Generation of a 1.2 kb hybridisation probe
In order to detect cloned DNA encoding M. paratuberculosis hsp60, an internal
fragment of this DNA was amplified by PCR for subsequent use as a hybridisation
probe. The 5' and 3' primers used for this PCR (379J and 378J, respectively, Table
3.1) were homologous to conserved regions of DNA sequence encoding
M. tuberculosis and M. leprae hsp60s (Shinnick, 1987; Mehra et al., 1986) and flanked
a predicted 1.2 kb DNA fragment. The PCR protocol for the amplification of the
M. paratuberculosis hsp60 DNA was established in the presence of varying
concentrations of both DMSO and MgCl2. Figure 3.2A shows that a 1.2 kb PCR
product (PCR 1.2) was amplified from M. paratuberculosis genomic DNA in the
presence of 5% DMSO (lane 4), 7.5% DMSO (lane 5) or 10% DMSO (lane 6) but not
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Table 3.1
Oligonucleotide primers used in this thesis.
a) Oligonucleotide primers used in PCR. The nucleotide sequence of each primer pair is
shown, with the 5' primer preceeding the 3' primer (indicated by T). Each primer pair is
shown with the size of the predicted PCR product.
b) Oligonucleotide primers used as sequencing primers in this thesis. The nucleotide
sequence of each primer and its position within the M. paratuberculosis 60-kDa stress
protein deduced DNA sequence, or in the case of primers RP and 753W the position
within vector DNA.
a) PCR Primers





























RP 5'-CAGGAAACAGCTATGAC-3' 0205-0221 (pTZ)
753W 5'-GCATGGCCnTGCAGGG-3' 0855-0871 (pGEX)
Figure 3.1
PCR was used to generate a 229 bp fragment of the M. paratuberculosis-specific IS900
insertion sequence. PCR reactions underwent 35 cycles of 30s at 95°C; 30s at 57°C and
90s at 72°C. Reactions were analysed by 1.5% agarose gel electrophoresis. Lanes 1 and
4, no substrate DNA; lanes 2 and 5, M. paratuberculosis genomic DNA; lanes 3 and 6,
E. coli genomic DNA. Gels were visualised by ethidium bromide staining, lanes 1 - 3; by
Southern blot using a radiolabeled internal IS900 oligonucleotide probe, lanes 4-6. DNA
markers were from Haelll digested <J>X174 DNA.
 
in the presence of 2.5% DMSO (lane 3) or without DMSO (lane 2). A further
requirement for amplification of M. paratuberculosis hsp60 DNA was demonstrated by
amplification of the PCR1.2 at varying concentrations of MgCl2 in the presence of 10%
DMSO (Figure 3.2B). This showed that optimum amplification occurred at MgCl2
concentrations of 1 mM (lane 4) and 1.5 mM (lane 5).
PCR1.2 was treated with the Klenow fragment of DNA polymerase I to fill in the
overhanging 3' termini, and phosphorylated as described in Section 2.4.3.1. PCR1.2
was blunt-end ligated into the plasmid pTZ18R (Figure 3.3) which had been digested
with Smal and treated with CIP (Section 2.4.3.2). Recombinant plasmid DNA was
subsequently transformed into JM101 bacteria. From one such transformation 69
transformant colonies were obtained. 12 transformants were screened by restriction
digest with enzymes EcoRI and Hindlll and nine of these contained an insert of the
expected 1.2 kb. Two of these transformants were selected for single-stranded sequence
analysis (Section 2.4.10.1) to determine the origin of this insert DNA. Transformants
were superinfected with M13K07 helper phage to prepare single-stranded DNA, which
was subsequently sequenced using the Ml3 reverse primer (Pharmacia) (Table 3.1).
The first fifty bases of the 1.2 kb insert DNA were sequenced and the data compared
with DNA sequence data from M. tuberculosis hsp60 (Shinnick, 1987) by the
UWGCG computer programme 'Gap'. The sequenced region was found to have 95%
identity with the corresponding DNA sequence of the M. tuberculosis hsp60 (data not
shown). This data strongly suggested that the insert DNA was part of the
M. paratuberculosis hsp60 DNA.
3.2.2.2 Generation of M. paratuberculosis hsp60 DNA
The entire ORF of M. paratuberculosis hsp60 DNA along with the 5' non-coding region
was amplified by PCR. The PCR primers 151L and 243K (Table 3.1) that flanked the
region of interest were selected from homologous regions of published DNA sequence
of both M. tuberculosis and M. leprae hsp60s (Shinnick, 1987; Mehra et al., 1986).
0.25 pmoles of each primer was used in a PCR using the conditions of O'Hara et al.
(1989) and in the presence of 10% DMSO and 1 mM MgCl2 (optimum PCR conditions
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Figure 3.2
Generation of a 1.2 kb M. paratuberculosis 60-kDa hybridisation probe.
A) Titration of dimethyl sulfoxide (DMSO) to determine the optimum concentration for
amplification of M. paratuberculosis 60-kDa stress protein DNA using PCR1.2 primers.
Lane 1, no DNA; lanes 2 - 6 show PCR reactions containing M. paratuberculosis DNA
and increasing amounts of DMSO.
B) Titration of magnesium chloride to determine the optimum concentration for
amplification of M. paratuberculosis 60-kDa stress protein DNA using PCR1.2 primers.
Lane 1, no DNA; lanes 2-7 show PCR reactions containing M. paratuberculosis DNA and
increasing amounts of MgCl2.
10 pi of each PCR reaction were analysed by 1.5% agarose gel electrophoresis and
visualised by ethidium bromide staining. DNA markers are from EcoRI/Hindlll digested
lambda DNA.
A % DMSO







Schematic diagram representing the pTZ-based plasmids (pTZ18R and pTZ19R) used in
molecular cloning steps. The position of the T7 promoter region and polylinker region
(MCS) within the lacZ gene are shown. The polylinker region is expanded to show the












were established using a similar protocol described in Section 3.2.2.1).
M. paratuberculosis genomic DNA was used as template for the PCR and an expected
PCR product of 1.8 kb (PCR1.8) was successfully amplified under these conditions
(data not shown).
3.2.3 Cloning and sequencing of M. paratuberculosis hsp60 DNA
3.2.3.1 Ligation of M. paratuberculosis hsp60 DNA into pTZ18R
PCR 1.8 DNA was treated with Klenow fragment and phosphorylated then inserted by
blunt-end ligation into the plasmid pTZ18R. The ligation mixes were used to transform
JM101 bacteria. 13 positive transformant colonies were obtained from two separate
ligations. All but two of these transformants showed an insert of 1.8 kb within the
vector DNA as deduced by restriction digest with EcoRI and Hindin. A representative
analysis of one transformant, MPHSP60A is shown in Figure 3.4. Digestion with
EcoRI (lane 1) resulted in linearisation of recombinant plasmid DNA. Digestion with
restriction endonucleases EcoRI and Hindlll resulted in the liberation of a 1.8 kb insert
DNA from the 2.7 kb plasmid DNA (lane 2).
To verify that the 1.8 kb insert DNA was M. paratuberculosis hsp60 DNA, PCR1.2
(Section 3.2.2.1) was radiolabeled with [32P] and used as a probe in a Southern blot of
the above mentioned agarose gel (Section 2.4.9). The results are shown in Figure 3.4.
The [32P]-radiolabeled PCR1.2 probe hybridised to the linearised MPHSP60A plasmid
DNA (lane 3) and also to the excised 1.8 kb insert DNA (lane 4). Transformants
MPHSP60A and a second clone, MPHSP60B which showed an identical restriction
digest pattern, were selected for single-stranded sequence analysis.
3.2.3.2 Single-stranded sequencing of M. paratuberculosis hsp60 DNA
The inserts of MPHSP60A and MPHSP60B were completely sequenced in the 5' to 3'
('Sense') and the 3' to 5' ('antisense') direction by the single-stranded technique
described in Section 2.4.10. Preliminary sequence data obtained for both MPHSP60A
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Figure 3.4
Restriction digest of transformant MPHSP60A DNA. Restriction endonuclease digests of
plasmid miniprep DNA were carried out for 2 hours at 37°C and then separated on 1.5%
agarose gel electrophoresis. Lanes 1 and 3, EcoRI digest alone; lanes 2 and 4, EcoRI and
Hindlll digest. Gels were visualised by ethidium bromide staining, lanes 1 and 2;
Southern blot with [^2P]-radiolabeled PCR1.2, lanes 3 and 4. DNA markers are from
EcoRI/ Hindin digested lambda DNA.
 
and MPHSP60B showed 94% identity with a corresponding region of M. tuberculosis
hsp60 DNA (data not shown). This data strongly suggested that these clones were
derived from the M. paratuberculosis hsp60 DNA.
The 'antisense' strands of MPHSP60A and MPHSP60B were obtained using the
following protocol: the 1.8 kb inserts were excised by EcoRI/HindHI restriction digest
and subsequently gel purified. The excised inserts were independently religated into
EcoRI/Hindin digested and CIP-treated pTZ19R by cohesive ligation (pTZ19R differs
from pTZ18R by having the polylinker in the reverse orientation). Transformation of
JM101 bacteria resulted in a total of 102 positive colonies from both ligations and
restriction digest of plasmid DNA from the colonies screened showed that 5 out of 10
from MPHSP60A and 4 out of 4 from MPHSP60B contained the correct 1.8 kb insert.
One transformant from each ligation was processed for single-stranded sequence
analysis using M13 reverse primer, and preliminary sequence data confirmed that both
clones contained inserts in the 'antisense' orientation.
Sequencing in both 'Sense' and 'antisense' directions was extended by internal primer-
directed sequencing using primers 931M, 712T and 261P (Table 3.1) in the 'Sense'
direction and primers 243K, 378J and 171V (Table 3.1) in the 'antisense' direction.
Other selected primers complementary to sequences in the mid region of the insert DNA
failed to generate sequence in either direction. The reason for this sequencing failure
was assumed to be due to effects of secondary structure of the template DNA, resulting
in poor annealing of the primer to the template DNA. Procedures to overcome this
problem of secondary structure such as increased temperature of annealing and
inclusion of 10% DMSO were also unsuccessful. An alternative strategy involving the
sequencing of smaller subcloned restriction fragments of the insert DNA was used.
3.2.3.3 Generation of restriction fragments of M. paratuberculosis
hsp60 DNA
Sequence data generated by internal primer-directed sequencing was assembled by the
UWGCG computer programme 'Seqed', and a predicted restriction digest was carried
out on this data using the UWGCG computer programme 'Map'. This analysis
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predicted that the enzymes Banll, BstEII, HincII and PstI would cleave the 1.8 kb
insert into a 516 bp fragment by EcoRI/BstEII digestion, a 411 bp fragment by BstEII/
HincII digestion, a 600 bp fragment by Banll digestion and a 414 bp fragment by PstI
digestion (see Figure 3.5). 1-3 |ig of plasmid DNA from MPHSP60A, or from
MPHSP60B, were digested with 1-25U of each enzyme for two hours at 37 °C to derive
these suitable restriction fragments for further DNA sequence analysis (Section 2.4.6).
Cleaved plasmid DNA was treated with Klenow fragment and phosphorylated prior to
separation by electrophoresis in LMT agarose. The relevant bands were excised and
100-300 ng of each digest blunt-end ligated into Smal (or Banll) and CIP-treated
pTZ18R. Transformants were screened for inserts of the predicted size by
EcoRI/Hindlll digestion of recombinant plasmid DNA. 'Sense' and 'antisense' strands
of the four subcloned inserts from each of the positive transformants were subjected to
single-stranded sequence analysis.
The sequence data generated from these fragments and the internal primer-directed
sequencing were assembled by the UWGCG computer programme 'Seqed'. Once each
strand was assembled, the 'Sense' and 'antisense' strands were compared and any
ambiguities were resolved by referring back to original autoradiographs. When the
complete sequence of the insert DNAs of the two clones, MPHSP60A and MPHSP60B
were compared they were found to be identical.
The sequencing strategy for the 'sense' and 'antisense' strands of both MPHSP60A and
MPHSP60B is summarised in Figure 3.5. The complete nucleotide sequence of
M. paratuberculosis hsp60 DNA is shown in Figure 3.6. This sequence has been
accepted by the sequence data bank EMBL under the accession number X74518.
3.2.4 Sequence analysis of M. paratuberculosis hsp60 DNA
The nucleotide sequence of the ORF encoding the M. paratuberculosis hsp60 was rich
in G+C residues (68.2%), which compared well with DNA sequence from
M. tuberculosis (65.3%) and M. leprae (60.8%) hsp60s. Sequence comparison using
the UWGCG programme 'Gap' showed that M. paratuberculosis hsp60 has
extensive identity in the ORF at the nucleotide level with M. tuberculosis and
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Figure 3.5
Outline of the sequencing regime used to identify both strands of clone MPHSP60A.
Sequence data generated from sub-clones is represented by the prefix MP*** with the
identification number of each individual sub-clone. The restriction endonucleases used to
generate the sub-clones are indicated. Internal primer-directed sequence data is coded by
the number of the primer (in bold type) used to generate that sequence. The second clone









































The nucleotide sequence of PCR1.8 (actual length 1,751 bp) is shown. The predicted
amino acid sequence is shown below the nucleotide sequence. Each amino acid residue is
shown directly above the first position of its codon. PCR primers are indicated by single-
underlining. The stop codon TGA is indicated by an asterisk. Possible mycobacterial
transcription and translation signal sequences are double-underlined. These include the
Shine-Dalgarno ribosomal-binding site (SD) and two sequences that resemble'-10'and
'-35' consensus sequences of E. coli. K12 promoters. The sequence enclosed in a box
represents a putative heat shock promoter sequence.
























































































































M. leprae hsp60 DNA (90% and 87.3% identity, respectively). This nucleotide
sequence was subsequently translated by UWGCG programme 'Map' which predicted
an ORF of 1,623 bp, that began with an ATG triplet at position 125-127 of the derived
sequence and extended to a TGA triplet at position 1748-1750. The predicted 541 amino
acid sequence is shown above the nucleotide sequence in Figure 3.6.
The ORFs of M. tuberculosis and M. leprae hsp60s were translated and the amino acid
sequences compared to the predicted amino acid sequence of M. paratuberculosis hsp60
using the UWGCG programme 'Gap'. The sequence comparison is detailed in Figure
3.7. The degree of identity between the amino acid sequence of M. paratuberculosis
hsp60 and the amino acid sequences of both homologues is 93.9%. The differences
between M. paratuberculosis and M. leprae are more randomly spread through the
amino acid sequence, whereas the differences between M. paratuberculosis and
M. tuberculosis are found mostly towards the carboxy terminus of the predicted amino
acid sequence. The data in Figure 3.7 shows that the last six amino acids of all three
stress proteins are identical but in the case of the M. paratuberculosis sequence these
amino acids were encoded by the 3' primer. Table 3.2 summarises the respective
homologies, G+C contents and predicted molecular weights of the hsp60s from these
three closely related mycobacterial species.
Using the UWGCG programme 'Peptidestructure' on the translated sequence of
MPF1SP60A (Figure 3.8), various properties of M. paratuberculosis hsp60 were
predicted from the plot of hydrophobicity and secondary structure. There were
numerous regions that could participate in alpha-helical structures and no extended
regions of hydrophobicity. This information suggests that the M. paratuberculosis
60-kDa stress protein was likely to be a soluble cytoplasmic protein.
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Figure 3.7
Comparison of the predicted M. paratuberculosis, M. leprae and M. tuberculosis 60-kDa
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Summary of nucleic acid and amino acid sequence analysis for M. paratuberculosis,
M. leprae and M. tuberculosis hsp60s. Nucleic acid sequence analysis was performed on
the coding regions of the three mycobacterial hsp60 species. Figures shown in the table
were derived using the UWGCG sequence analysis software programme version 7.0.
Percentage identity (% Identity) shown for M. leprae and M. tuberculosis hsp60s is a
comparison of their nucleic acid or amino acid sequence, to the corresponding sequence
detemined here for M. paratuberculosis hsp60.
Nucleic acid Amino acid
% Identity* %G+C % Identity* Mol.wt.**
M. tuberculosis 90.0 65.3 93.9 56.7
M. leprae 87.3 60.8 93.9 56.8
M. paratuberculosis — 68.2 — 56.7
* The % identity is a comparison with the determined sequence of M. paratuberculosis
calculated according to the algorithm of Needleman and Wunsch (1970)
** as calculated by the UWGCG programme from the predicted peptide sequence
Figure 3.8
The predicted structural motifs for M. paratuberculosis 60-kDa stress protein obtained
using the Peptidestructure program of UWGCG version 7.0.

































The combination of PCR and molecular cloning has resulted in the isolation and
characterisation of a DNA clone encoding the entire ORF of M. paratuberculosis 60-kDa
stress protein. Hance et al. (1989) have reported the nucleotide sequence of a 383 bp
PCR fragment of M. paratuberculosis hsp60, which is identical to residues 316-658 of
the nucleotide sequence reported here. There have been no reports characterising the
nucleotide sequence of the entire ORF encoding this protein. The cloning of this DNA
allows the subsequent manipulation of the DNA as a diagnostic probe and for
expression to derive recombinant stress protein for immunological studies.
M. paratuberculosis differs by 1-2% in base substitutions from M. avium as shown by
restriction fragment length polymorphism analysis (reviewed by Clark-Curtiss, 1990).
Because of the close relatedness of such mycobacterial species it was important to
establish the authenticity of the acquired DNA as that of M. paratuberculosis genomic
DNA. Many attempts to develop a diagnostic test for M. paratuberculosis based on
DNA probes failed to differentiate between M. paratuberculosis and M. avium (Hurley
et al., 1988; Hance et al., 1989). However a clone, pMB22, which contains a single
copy of the IS900 gene, could differentiate between these two closely related
mycobacteria (Vary et al., 1990). The IS900 insertion sequence is found in all
M. paratuberculosis strains (15-20 copies per genome) and shares similarities with the
IS 110 from Streptomyces coelicolor (Bruton and Chater, 1987). A diagnostic test was
established by others through the use of a PCR to detect the M. paratuberculosis-
specific insertion sequence, IS900 (Green et al., 1989). The IS900 PCR has been used
to differentiate between M. paratuberculosis and other members of this closely related
M. avium-intracellulare complex (Vary et al., 1989; McFadden et al., 1990). Using
PCR primers and an internal oligonucleotide probe specific for M. paratuberculosis
(Vary et al., 1990), the authenticity of the M. paratuberculosis genomic DNA was
confirmed in the studies reported here allowing isolation of the targeted hsp60 gene.
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Sequence analysis of the M. paratuberculosis hsp60 DNA revealed a G+C content of
68.2% in accordance with the high G+C content of M. paratuberculosis chromosomal
DNA (67% G+C). This high G+C content is reflected in a bias in codon usage towards
a G or C at codon position 3. Codon usage is a possible mechanism which allows
conservation of genetic material (Ikemura, 1985). The deduced sequence of the hsp60
show two possible start codons, a GTG at nucleotide position 2-4 and an ATG at
nucleotide position 125-127 in the same frame. Each is associated with a single ORF.
Evidence for initiation of transcription at the ATG start codon is provided by the
presence of a putative Shine-Dalgarno sequence (5 out of 5 nucleotide match with
GGAGG) 12 base pairs upstream of the start codon. The sequence is complementary to
the 3' end of the 16s ribosomal RNA of E. coli K12 (Shine and Dalgarno, 1974). 9
base pairs upstream from this is a putative -10 consensus sequence (4 out of 6
nucleotide match with TATAAT) and a further 18 bases upstream from this is a putative
-35 consensus sequence (2 out of 3 nucleotide match with TTG). These sequences
show complementarity with the recognition sequences for the a70 subunit of E. coli
RNA polymerase. These promoter sequences found in other mycobacteria have been
shown to be functional in E. coli by some workers (Shinnick, 1987; Labidi et al.,
1989), but not by others (Clark-Curtiss et al., 1985).
The M. paratuberculosis hsp60 promoter regions also show some homology with the
recognition sequence for the a32 subunit of E. coli RNA polymerase and which
overlaps the putative -35 consensus sequence. This a32 subunit is known to regulate the
heat shock response in E. coli (reviewed by Morimoto et al., 1990; Yura et al., 1993).
The regulation of gene expression in mycobacteria is not well understood and there is
no reason to assume that these putative promoter sequences function in vivo. However,
the similarities of M. paratuberculosis promoter regions to those of other bacteria
suggest that they may have similar regulatory mechanisms. The advent of vectors that
can replicate autonomously in mycobacteria and the construction of mycobacterial
mutants (Snapper et al., 1988; Husson et al., 1990) should clarify the regulatory
mechanisms of mycobacterial gene expression.
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The cloning and expression of M. leprae hsp60 resulted in translation initiation from
both these sites in an E. coli expression system resulting in expression of two
polypeptides (Mehra et al., 1986). Thole et al. (1987) concluded that transcription of the
M. bovis hsp60 (MbaA) was initiated at the ATG triplet on the basis that the predicted
amino acid sequence was identical to N-terminal amino acid sequencing data from
antigen P64 purified from M. bovis BCG culture filtrates (De Bruyn et al., 1987). Of
the complete sequences of other mycobacterial genes reported by others elsewhere,
there is approximately equal usage of ATG and GTG start codons (reviewed by Dale
and Patki, 1990). The presence of two possible start codons may represent two
different regulatory mechanisms used by the host cell in metabolism during normal
conditions and during growth under stressed conditions (Dale and Patki, 1990).
It is interesting that computer-aided translation of the opposite strand of the
M. paratuberculosis hsp60 DNA predicted another potential ORF of 1,652 bp which
would encode a protein of at least 551 amino acids. An initiation codon was not present
in this potential ORF, and further sequence upstream of this region would be required to
ascertain whether regulatory sequences were present which would suggest that the ORF
could be translated in vivo. The presence of ORFs on the 'antisense' strand are evident
in other mycobacterial genes, such as the IS900 gene (R. Bujdoso, unpublished).
Shinnick (1987) described a large ORF downstream of the M. tuberculosis hsp60 stop
codon, which did not appear to be expressed in E. coli although putative promoter
sequences were observed.
The conserved nature of the hsp60 family of stress proteins is further confirmed by the
high degree of identity between M. paratuberculosis hsp60 and the M. leprae and
M. tuberculosis homologues (Section 3.2.4). It should be noted that there is less
identity with other less related bacterial homologues such as the GroEL protein of
E. coli (60% amino acid identity), and also with the eukaryotic homologue, the human
PI mitochondrial protein (47.7% amino acid identity).
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The mycobacterial hsp60s possess ATPase activity (Hemmingsen et al., 1988) on
which their function as molecular chaperones is dependent. Residues 358 - 370 of the
deduced amino acid sequence of M. paratuberculosis hsp60 have 100% identity with an
ATP-binding motif (YXXXXLXERXAKL) which lies within a domain which is
essential for maintaining chaperonin function (Alconada and Cuezva, 1993).
Furthermore, predicted amphipathic helixes are present in regions homologous to part
of the GroEL sequence that contains this motif and may be a requirement for the
function of these proteins (Webb and Sherman, 1992). The homology shown by part of
the deduced amino acid sequence of M. paratuberculosis hsp60 with an ATP-binding
motif suggests that this protein may have similar functions to other known chaperonins.
Analysis of the deduced amino acid sequence by the UWGCG programme
'Plotstructure' shows that there are a number of regions that could participate in the
formation of alpha helixes and no extended regions of high hydrophobicity. These
features suggest that the protein is likely to be a soluble protein rather than an integral
membrane protein. While computer-aided predictions of secondary structure are useful,
they are not always accurate, and clarification by X-ray crystallography or NMR
spectroscopy should be carried out to avoid ambiguities (Rost et al., 1993).
Berzofsky (1985) has suggested that immunodominant T cell epitopes may be short
regions of amino acids that could form amphiphilic helixes. Using computer-aided
analysis, several such regions can be identified in the DNA sequence encoding the
M. paratuberculosis 60-kDa stress protein reported here. This suggests that the protein
may play a role in T and B cell mediated immunopathology in ovine paratuberculosis.
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Chapter 4




Having successfully cloned and sequenced DNA which includes an ORF of the 60-kDa
stress protein of M. paratuberculosis, it was intended to express this DNA to derive
recombinant protein for immunological studies. The basic qualities that an expression
vector should possess are: i) a strong promoter region that can be regulated; ii) unique
restriction sites to facilitate cloning of genes which are then brought under the control of
the promoter; iii) a termination codon immediately downstream of the cloning site;
iv) the inclusion of selectable markers, such as genes conferring antibiotic resistance.
A significant feature of a successful expression system is its ability to produce relatively
large amounts of easily purified recombinant protein. The ease of collection of
recombinant protein is partly dependent upon whether the expression system secretes
recombinant product into the culture medium, expresses the material as a
transmembrane protein, or retains the protein intracellularly in a soluble or insoluble
form.
In the work described in this thesis, the E. coli expression system pGEX-2T was
chosen to express the M. paratuberculosis hsp60 DNA. This expression system has a
number of useful features for generating recombinant proteins which may be
subsequently used for immunological assays. In this expression system the protein of
interest is expressed as a fusion protein with the enzyme glutathione S-transferase
(GST) of Schistosoma japonicum (Smith et al., 1988). An important aspect of this
GST-fusion protein is that it may be easily purified from bacterial lysate by a simple
affinity purification step involving binding of the GST moiety to its specific substrate,
glutathione, immobilised on agarose beads (Smith and Johnson, 1988).
A diagram of the pGEX plasmids, including some of their unique restriction sites, is
shown in Figure 4.1. All pGEX plasmids contain a gene conferring ampicillin
resistance on transformants, and the strong tac promoter (Smith and Johnston, 1988)
that controls expression of the GST gene. In the absence of a galactose analogue the
tac promoter is repressed by the product of the lacl gene. IPTG can be used to derepress
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Figure 4.1
A schematic representation of pGEX expression vectors showing some of the unique
restriction endonuclease sites and the position of insertion of the 1.6 kb DNA encoding
the M. paratuberculosis 60-kDa stress protein. The map also shows the position of the
genes encoding the glutathione S-transferase carrier moiety and the lacl repressor. The
black arrowhead indicates the vector used in this work and the thrombin protease
cleavage site is detailed.
BamHI Xa hsp 60 BamHI
EcoRV
(-4070)
Pro Lys Ser Asp Pro Arg Glu Phe lie Val Thr Asp STOP




Pro Lys Ser Asp' Leu Val Pro Arg^-Gly Ser Pro Gly He His Arg Asp STOP
^ pGEX2T CCA AAA TCG GAT CTG GTT CCG CGT GGA TCC CCG GGA ATT CAT CGT GAC TGA CTG
1 d !J '
SamHI Smal EcoRI
factor Xa
Pro Lys Ser Asp Leu' lie Glu Gly Arg^ Gly lie Pro Gly Asn Ser Ser STOP
pGEX3X CCA AAA TCG GAT CTG ATC GAA GGT CGT GGG ATC CCC GGG AAT TCA TCG TGA CTG
I |
SamHI Smal EcoRI
transcription of the GST gene. pGEX-2T, and pGEX-3X, also encode a thrombin
cleavage site, and a Factor Xa cleavage site, respectively, at the insertion site of the
foreign sequence. This facilitates proteolytic cleavage of the expressed fusion protein
into the carrier and protein of interest.
Numerous fusion proteins have been expressed using the pGEX system and these
proteins have ranged in molecular size from 32-kDa to 84-kDa. These include human
pyruvate dehydrogenase Ela (Iwayama et al., 1991) and the gag proteins of HIV-1,
HIV-2 and SIV (Mills et al., 1992). pGEX fusion proteins have also been used as
antigens in immunological assays. Part of the 77-kDa merozoite protein of Babesia
bovis has been used successfully in stimulating proliferation of T lymphocytes from
B. bovis-infected cattle (Tetzlaff et al., 1992). A further reason for the use of the
pGEX-2T vector for the work described here is that whilst the M. tuberculosis hsp60
appeared to be expressed in E. coli from a mycobacterial signal sequence (Shinnick,
1987), other mycobacterial genes are expressed poorly or not at all in E. coli
from mycobacterial transcription and translation signals (Clark-Curtiss et al., 1985;
Jacobs et al., 1986).
In the expression work described in this chapter the M. paratuberculosis hsp60 ORF
was amplified by PCR from the clone MPHSP60A (generated as described in Section
3.2.3.1) using primers selected from the DNA sequence determined in Chapter 3. The
PCR product was cloned into the plasmid pGEX-2T and transformed into E. coli.
Transformants were screened for inserts of the predicted molecular size, and in the
correct orientation, by restriction digest analysis. A transformant containing the correct
insert was induced to express the fusion protein, and a protocol for obtaining reasonable
yields of purified fusion protein was determined. A prior search of the predicted amino
acid sequence of the M. paratuberculosis 60-kDa stress protein ORF did not reveal any
potential thrombin or Factor Xa cleavage sites, suggesting that both of these enzymes
would cleave the GST-hsp60 fusion protein to release full length recombinant protein. A




4.2.1 Amplification of an ORF encoding M. paratuberculosis hsp60
PCR was used to amplify the specific fragment of DNA which represented the
presumed ORF of M. paratuberculosis hsp60. PCR primers were selected from the
previously deduced nucleotide sequence. 5' and 3' primers included the first and last 23
bases, respectively, of the predicted ORF, starting with the ATG triplet at nucleotide
position 125-127 and finishing with the stop codon TGA at nucleotide position 1748-
1750. BamHI restriction sites were included in the primers to facilitate cloning into the
unique BamFlI restriction site in the polylinker of the pGEX vector. DNA sequence
encoding a Factor Xa protease cleavage site (Nagai and Thorgerson, 1984) was
included in the 5' primer immediately prior to the predicted start codon of
M. paratuberculosis hsp60. Figure 4.2 details these PCR primers. Plasmid DNA from
pTZ18R clone MPHSP60A was used as template for the PCR which was carried out in
the presence of ImM MgCl2 and 10% DMSO (Section 2.4.5.2). A PCR product of
1.6 kb (PCR 1.6) which corresponded to the predicted size of DNA encoding
M. paratuberculosis hsp60 ORF was successfully amplified as determined by agarose
gel electrophoresis (data not shown).
4.2.2 Ligation of the M. paratuberculosis hsp60 ORF into pGEX-2T
PCR 1.6 was treated with Klenow fragment of E. coli DNA polymerase I to fill in the
3' recessed termini of the PCR product (Section 2.4.3.1) and blunt-end ligated into the
Smal-digested plasmid pTZ18R and subsequently excised with BamHI. Ligation into
pTZ18R produced 56 positive colonies from the transformation of JM101 bacteria.
Four colonies were screened by restriction digest with BamHI and two had inserts of
the correct size. Previous experiments, in conjunction with analysis of the determined
DNA sequence, established that there were no other BamHI sites within this DNA
fragment (data not shown). One of these positive recombinants (pTZ1.6) was
inoculated into large scale culture and plasmid DNA purified by caesium chloride
density gradient centrifugation (Section 2.4.7). A suitable quantity of pTZ1.6 was
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Figure 4.2
The 5' and 3' PCR primers used to amplify the 1.6 kb DNA encoding the
M. paratuberculosis 60-kDa stress protein ORF are shown in 5' to 3' orientation.
Sequence encoding the BamHI restriction sites are single underlined and sequence
encoding M. paratuberculosis 60-kDa stress protein DNA is double-underlined. Sequence
encoding a Factor Xa protease cleavage site is indicated. The position of the 60-kDa stress
protein translation initiation triplet is indicated by the symbol A and the stop codon is
indicated by an asterisk.
5' PCR primer (867L)
Factor Xa A
5'-GA GTT CCG GGA TCC ATA GAA GGT AGA ATG GCC AAG ACA ATT GCG TAC G-3;
BamHI
3' PCR primer (866L)
*
5'-TTA CAC CCG GGA TCC TTC TAT CAG TCA GAA GTC CAT GCC ACC CAT G-3'
BamHI
digested with BamHI for three hours at 37°C and agarose gel-purified. This BamHI
fragment was subsequently ligated into the unique restriction site of pGEX-2T which
had been digested with BamHI and treated with CIP. The recombinant pGEX-hsp60
plasmid DNA was then transformed into E. coli JM83.
176 transformant colonies were obtained. Of the transformants screened 13 contained
an insert of the correct molecular size as ascertained by BamHI restriction digest of
plasmid DNA. Figure 4.3A shows the 1.6 kb insert released by BamHI digestion from
one such transformant MP2211B (lane 4). Furthermore, the 1.6 kb insert hybridised to
the radiolabelled PCR1.2 probe (Section 3.2.2.1) in a Southern blot (lane 8). The probe
hybridised to the undigested pGEX-hsp60 plasmid DNA (lane 7) but not to pGEX-2T
plasmid DNA alone (lanes 5 and 6).
4.2.3 Verification of correct orientation of the M. paratuberculosis
hsp60 ORF
Ligation of the ORF encoding the M. paratuberculosis hsp60 into the BamHI site
of pGEX-2T could have occurred in either orientation. Only inserts in the correct
orientation would result in correct transcription and translation of the insert. Two
methods were used to verify the orientation of the insert. Firstly, digestion with a
restriction enzyme that would result in different-sized products depending on the
orientation of the insert, and secondly, double-stranded sequencing through the multiple
cloning site.
4.2.3.1 Restriction digest of recombinant pGEX-hsp60 plasmids
The UWGCG computer programme 'Map' was used to perform a restriction digest
analysis on the deduced DNA sequence encoding the M. paratuberculosis hsp60
(Section 2.4.6). From this information the restriction enzyme BstEII was selected to
digest the plasmids of interest. pGEX-2T contains one BstEII site at nucleotide 3,828
whilst the 1.6 kb M. paratuberculosis DNA has two sites, one at nucleotides 499 and
the other at nucleotide 1,619. In the correct 5' to 3' orientation restriction digest with
BstEII should result in fragments of 1,110, 2,424 and 3,030 base pairs, whereas
insertion in the opposite orientation would result in fragments of 1,110, 2,182 and
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Figure 4.3
Restriction digests of transformant pGEX-hsp65 clones.
A) BamHI restriction digest of pGEX-hsp65 transformants MP2211B. Plasmid DNA
from transformant (MP221 IB) was digested with BamHI for 2 hours at 37°C and digested
material was separated by 1.5% agarose gel electrophoresis. Lanes 1 and 5, native uncut
pGEX-2T DNA; 2 and 6, BamHI-cut native pGEX-2T DNA; 3 and 7, uncut MP2211B
DNA; 4 and 8, BamHI-cut MP221 IB DNA. Gels were analysed by ethidium bromide
staining, lanes 1 to 4; Southern blot with the [32P] -radiolabelled PCR1.2 (Section
3.2.2.1), lanes 5 to 8. DNA markers were EcoRI/ Hindlll-cut lambda DNA.
B) BstEII restriction digest of pGEX-hsp60 transformants. Plasmid DNA from 7
transformants was digested with BstEII for 2 hours at 37°C and separated by 1.5%
agarose gel electrophoresis. Gels were analysed by ethidium bromide staining. DNA from
transformants MP2211B, C, D, E and G (lanes 2, 3, 4, 5,and 7 respectively) had a
restriction pattern consistent with the 'Sense' orientation (bands of 2.4 kb and 3.0 kb)
DNA from transformants MP2211A and F (lanes 1 and 6 respectively) had a restriction
pattern consistent with the 'antisense' orientation (bands of 2.1 kb and 3.2 kb). The
1.1 kb fragment common to all digests was just visible in all lanes but was not reproduced
in this photograph. Lane 8 shows BstEII digested native pGEX-2T plasmid DNA. DNA
markers were EcoRI/ HindlH-cut lambda DNA.
 
3,272 bp. BstEII digests were carried out on 7 of the pGEX-hsp60 plasmids for
2 hours which were subsequently analysed by agarose gel electrophoresis. Figure 4.3B
shows that 5 plasmids had a restriction pattern consistent with insertion of
M. paratuberculosis hsp60 DNA in the 5' to 3' orientation (lanes 2, 3, 4, 5 and 7 ) and
2 had a restriction pattern consistent with the 3' to 5' orientation (lanes 1 and 6).
Accordingly, plasmid DNA from three transformants (MP2211A, MP2211B and
MP2211C) was used as template in double-stranded sequencing reactions.
4.2.3.2 Double-stranded sequencing of recombinant pGEX-hsp60
plasmids
To ensure that the restriction digest analysis reported in Section 4.2.3.1 was correct and
that the ligated material had been inserted in-frame, plasmids MP2211A, MP221 IB and
MP2211C were sequenced by the double-stranded technique outlined in Section
2.4.10.3. The sequencing primer used was a 17 base pair oligonucleotide (Table 3.1,
Chapter 3) complementary to pGEX-2T DNA sequence 60 bp upstream of the BamHI
cloning site. Sequence data generated from double-stranded sequencing of MP2211A,
MP221 IB and MP2211C (M. paratuberculosis hsp60 DNA shown in bold type) was as
follows:
BamHI Factor Xa
MP2211B and MP2211C: CCG CGT GGA TCC ATA GAA GGT AGA ATG GCC
AAG
BamHI
MP2211A: CCG CGT GGA TCC XXX GTC AGA AGT CCA
TGC
BamHI restriction endonuclease cloning sites are single-underlined and DNA encoding
the Factor Xa protease cleavage site is double-underlined. Sequence in italics (XXX)
was ambiguous due to a sequencing artifact. MP2211B and MP2211C contained the
1.6 kb insert in the correct orientation, and the reading frame was maintained. Double-
stranded sequencing of plasmid MP2211A confirmed the presence of the 1.6 kb insert
in the opposite orientation.
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4.2.4 Expression of GST-hsp60 fusion protein
4.2.4.1 Induction of GST-hsp60 fusion protein
Bacterial transformants containing plasmids MP2211A and MP221 IB were inoculated
into selective liquid media and induced with 0.1 mM IPTG for two hours. Cultures were
harvested, lysed by sonication and affinity purified as outlined in Section 2.5.1.
Samples of whole cell lysate and affinity purified material were analysed by SDS-PAGE
and Coomassie staining.
Figure 4.4A shows that lysates of JM83 transformed with recombinant plasmid
MP221 IB contained a prominent protein band which migrated at ~85-kDa (lane 3). This
correlates with the predicted molecular weight of 84.1-kDa for the GST-hsp60 fusion
protein. Lysates of JM83 transformed with pGEX-2T alone showed a prominent band
of ~27-kDa (lane 2), which is consistent with the predicted molecular weight of
27.5-kDa for GST. Neither the 85-kDa or the 27-kDa protein bands were seen in lysates
of untransformed JM83 (lane 1). Evidence that the 85-kDa protein present in lysates of
MP221 IB transformant was indeed an expressed GST fusion protein was shown by its
retention on glutathione-agarose beads (lane 7). Lysates of transformant MP2211A
containing the 1.6 kb ORF insert in the opposite orientation also expressed a protein of
~85-kDa (lane 4). This protein, which presumably resulted from translation of the
'antisense' DNA strand, was also retained on glutathione-agarose beads (lane 8). A
protein of ~27-kDa was retained on glutathione-agarose beads from lysates of bacteria
transformed with pGEX-2T alone further reinforcing that this material was GST (lane
6). No proteins were retained on glutathione-agarose beads from lysates of
untransformed JM83 (lane 5).
The 85-kDa protein present in MP221 IB transformants was detected by Western Blot
with the cross-reactive anti-M leprae hsp60 monoclonal antibody II H9 (Figure 4.4B).
A prominent band was seen in both MP2211B lysate (lane 3) and MP2211B bead-
purified material (lane 7). None of the other lysates or bead-purified protein bands
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Figure 4.4
SDS-PAGE analysis of IPTG-induced pGEX transformants. Crude lysates of pGEX
transformants or untransformed JM83 in lanes 1 to 4, or glutathione agarose bead-purified
material in lanes 5 to 8 were separated on a reduced 5-20% SDS-PAGE gel. Gels were
visualised by: A) Coomassie Blue staining; B) Western blot with monoclonal antibody
II H9 (anti-M leprae 60-kDa stress protein). The blot was developed using anti-mouse
immunoglobulin biotin conjugate (1:1000) and streptavidin-alkaline phosphatase (1:1000).
Lanes:
1. Untransformed JM83 lysate 5. Bead-purified JM83 lysate
2. pGEX-2T-transformed JM83 lysate
3. MP221 IB-transformed JM83 lysates
4. MP2211A-transformed JM83 lysates
6. Bead-purified pGEX-2T lysate
7. Bead-purified MP221 IB lysate
8. Bead-purified MP2211A lysate
Molecular weight markers were phosphorylase B, 94-kDa; BSA, 67-kDa; ovalbumin, 43-
kDa; carbonic anhydrase, 30-kDa; soybean trypsin inhibitor, 20-kDa.
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cross-react with this monoclonal antibody. The reactivity of the GST-hsp60 fusion
protein with an anti-M leprae hsp60-specific monoclonal antibody is further evidence
that the cloned DNA encodes the M. paratuberculosis hsp60.
This data shows that the M. paratuberculosis hsp60 can be expressed in E. coli JM83
bacteria and subsequently purified from endogenous proteins by adsorption onto
glutathione-agarose beads. However, expression of some foreign proteins has been
found to be detrimental to the growth of the host bacteria resulting in poor yields
(Carey, 1993). A time-course of growth of E. coli. JM83 after IPTG induction was
performed in order to determine the effect of expression of GST-hsp60 fusion protein
on bacterial growth.
4.2.4.2 Effect of GST-hsp60 fusion protein expression on growth of
E. coli
An overnight culture of transformant MP221 IB was diluted into fresh media at 1:10 and
induced with IPTG when the optical density at 600nm (OD60q) reached 0.1.
Subsequent growth of the culture was monitored at 30 minute intervals over a period of
five hours. Protein samples were taken at each time point and analysed by SDS-PAGE
and Coomassie stain to confirm the expression of GST-hsp60 fusion protein.
Figure 4.5 summarises the growth characteristics of the pGEX-hsp60 transformed E.
coli compared to native pGEX-2T transformed and untransformed E. coli. All growth
curves showed similar log phase growth and by 4 to 5 hours bacterial cell growth had
reached stationary phase in all cultures. Expression of GST-hsp60 fusion protein had a
slight inhibitory effect on growth of E. coli compared to native pGEX-2T transformed
and untransformed E. coli.
Figure 4.6 shows the expression of fusion protein at various time points. The expected
85-kDa GST-hsp60 fusion protein was detectable by 1 hour post IPTG-induction, and
yields continued to increase over the next 2 hours (A). Similarly the 27-kDa GST
protein was visible 1 hour post induction of native pGEX-2T-transformed E. coli (B).
Neither of these proteins were detectable during induction of untransformed E. coli (C).
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Figure 4.5
Growth characteristics of pGEX transformants. pGEX transformants were induced with
IPTG when the optical density at 600nm reached 0.1. Following induction the OD600 was






Expression of GST-hsp60 fusion protein following IPTG induction. pGEX-hsp60
transformants were induced by addition of IPTG. Aliquots of induced-bacteria were
sampled at 30 minute intervals and analysed by 5 - 20% SDS-PAGE. A prominent 85-kDa
protein band is seen in pGEX-hsp60 transformants (A) and a prominent 27-kDa band
(presumably GST) is seen in pGEX transformants (B). Neither of these bands is seen in
untransformed JM83 (C). Molecular weight markers were phosphorylase B, 94-kDa;
BSA, 67-kDa; ovalbumin, 43-kDa; carbonic anhydrase, 30-kDa; soybean trypsin
inhibitor, 20-kDa.
Hours(postinduction)
In an attempt to improve the growth of MP2211B, the transformant was induced at
different cell densities. Induction with IPTG was carried out when cultures had reached
an OD600 of either 0.1, 0.3 or 0.5. Subsequently, cell density was measured for each
culture at 30 minute intervals over a period of five hours, and protein samples taken at
the same time points were analysed by SDS-PAGE and Coomassie stain (data not
shown). The yield of fusion protein was greater from cultures induced at an OD600 of
0.5 compared to cultures induced at the lower OD600 readings. All growth curves
showed similar log phase growth and reached stationary phase after 4-5 hours.
The above data suggests that expression of the GST-hsp60 fusion protein was not
particularly toxic to the host bacteria, and the yield of the GST-hsp60 fusion protein was
improved by induction at a higher cell density. As a result of this data all large-scale
cultures of MP221 IB transformants were induced at OD600 of 0.4 - 0.5 and grown for
a further 4 hours.
4.2.4.3 Large-scale purification of GST-hsp60 fusion protein
Large-scale cultures of the MP2211B transformant were established and processed
according to Section 2.5.2. Lysate supernatants from IPTG-induced MP2211B cultures
were mixed with glutathione-agarose beads, washed several times in ice-cold PBS and
GST-hsp60 fusion protein eluted by incubation with excess amounts of reduced
glutathione. Eluted GST-hsp60 fusion protein was separated from agarose beads by
centrifugation, treated twice more with excess glutathione and the clarified supernatants
pooled after each centrifugation. Pooled fractions contained 1-2 mg/ml GST-hsp60
fusion protein as assessed by a dye-binding assay (Bio-Rad Laboratories) (Section
2.5.5.5). This affinity purification step could be repeated 3-4 times on the same lysate
supernatants with similar quantities of fusion protein purified on each occasion.
The affinity purified GST-hsp60 fusion protein was pooled and further purified by
anion-exchange HPLC (Section 2.5.5.6). HPLC fractions containing purified GST-
hsp60 fusion protein were pooled and dialysed into PBS, 0.22 filtered and stored at
-70°C. The final yield of GST-hsp60 fusion protein was in the range of 5 - 10 mg per
litre of original bacterial culture. This was estimated visually on Coomassie-stained
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SDS-PAGE (data not shown). The purity of the material was deduced to be -90-95%
by visual assessment of silver-stained SDS-PAGE.
4.2.5 Generation of recombinant M. paratuberculosis hsp60 (rhsp60) by
protease cleavage of GST-hsp60 fusion protein
GST fusion proteins have been successfully used to generate immunological responses
in experimental animals (Tetzlaff et al., 1992; Oettinger et al., 1992). Whilst the GST
moiety is reported to be of low immunogenicity, the possibility exists that GST bound
to the protein of interest may affect the secondary structure of this protein and therefore
presentation of putative B cell epitopes. It has been found that a GST-rat-IL-6 fusion
protein was biologically inactive until the GST moiety was removed (Frorath et al.,
1992). Furthermore, polyclonal antibody responses to GST have been reported in
rabbits immunised with GST fusion protein (Carey, 1993). For these reasons it was
decided to remove the GST carrier protein to generate M. paratuberculosis rhsp60 for
immunological assays.
GST-hsp60 fusion protein contains two sites for proteolytic cleavage to allow separation
of M. paratuberculosis rhsp60 from the carrier GST moiety, see Figure 4.1. A
comparison of the cleavage of GST-hsp60 fusion protein by proteolytic enzymes Factor
Xa and thrombin was made.
4.2.5.1 Comparison of Factor Xa and thrombin cleavage
Preliminary experiments established the optimum time and conditions for cleavage of
GST-hsp60 fusion protein with either Factor Xa (1% w/w fusion protein) or thrombin
(0.2 - 1% w/w fusion protein). Optimum cleavage of fusion protein required the
presence of 0.05% DOC detergent and either 1 mM CaCl2 for Factor Xa or 2.5 mM
CaCl2 for thrombin, in the cleavage buffer (data not shown). Under these conditions,
bead-adsorbed GST-hsp60 fusion protein was subjected to Factor Xa digestion for 3
hours or thrombin digestion for 1 hour whilst still attached to the beads. Beads were
pelleted by centrifugation and supernatants containing cleaved products were collected
and HPLC purified.
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Figure 4.7 shows Factor Xa digestion (lane 2) resulted in three major cleavage products
57-Da, 53-kDa and 27-kDa and that thrombin cleavage resulted in a single 58-kDa
protein (lane 3). A Western blot of this gel with monoclonal antibody IIH9 showed that
the monoclonal antibody reacted with the 58-kDa thrombin cleavage product (lane 6)
and the 57-kDa and the 53-kDa, but not the 27-kDa, Factor Xa cleavage products (lane
5). Verification of the origin of these proteolytic products was determined by N-terminal
amino acid sequencing (Section 4.2.6). During Factor Xa cleavage and subsequent
processing of cleavage products, two contaminants of molecular size equal to fusion
protein and GST were observed in supernatants. Following HPLC purification the GST
moiety co-purified with the cleavage products. On the basis of these findings, the
enzyme thrombin was chosen for subsequent generation of M. paratuberculosis rhsp60.
4.2,5.2 Purification of M. paratuberculosis rhsp60
The protocol for recovery of M. paratuberculosis rhsp60 is described in Section 2.5.4.
Soluble rhsp60 was recovered in the thrombin-cleavage reaction supernatant, whilst the
carrier GST and uncleaved fusion protein were retained on the beads. The protease
inhibitor, (p-amidinophenyl) methanesulfonyl fluoride (p-APMSF; 80 pg/ml) was
added to supernatants containing M. paratuberculosis rhsp60 to prevent further
proteolytic degradation. Supernatants were pooled and further purified by anion-
exchange HPLC, as described for purification of the GST-hsp60 fusion protein (Section
4.2.4.3). Purified M. paratuberculosis rhsp60 was stored at -70°C at a final
concentration of 1 mg/ml.
4.2.6 N-terminal amino acid sequencing of thrombin and Factor Xa
cleavage products
HPLC-purified M. paratuberculosis rhsp60 liberated from the GST-hsp60 fusion
protein by either Factor Xa or thrombin cleavage was analysed by SDS-PAGE and
separated proteins transferred to a polyvinylidene difluoride (PVDF) membrane,
'ProBlott' (Applied Biosystems, California, USA). Protein bands were visualised by
Coomassie Blue stain and the 57-kDa and 53-kDa Factor Xa cleavage products and the
58-kDa thrombin cleavage product were excised for N-terminal amino acid sequencing
(N-terminal amino acid sequencing was performed by P. Barker, Babraham,
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Figure 4.7
Cleavage of M.paratuberculosis 60-kDa stress protein from GST. Aliquots of glutathione-
agarose beads treated with lysate from IPTG-induced bacterial clone MP2211B were
cleaved with different proteolytic enzymes for 3 hours (Factor Xa) or 60 minutes
(thrombin) at room temperature. Beads were pelleted by centrifugation and cleavage
products within the supernatant were HPLC purified, prior to analysis by 5-20% gradient
SDS-PAGE. Beads treated with no enzyme were boiled in sample buffer prior to pelleting
of beads. Gels were visualised by Coomassie stain (lanes 1-3) or Western blot (lanes 4-6)
using monoclonal antibody II H9. Lanes: 1 and 4, no proteolytic enzyme; lanes 2 and 5,
Factor Xa 1 mg/ml; lanes 3 and 6, thrombin 25 units/ml. Molecular weight markers were
phosphorylase B, 94-kDa; BSA, 67-kDa; ovalbumin, 43-kDa; carbonic anhydrase, 30-
kDa; soybean trypsin inhibitor, 20-kDa; a-lactalbumin, 14-kDa.







Cambridge). The first five amino acids of each cleavage product were determined.
Figure 4.8 shows the location of Factor Xa and thrombin cleavage sites in the 85-kDa
GST-hsp60 fusion protein and summarises the findings of this analysis. The N-terminal
sequence of the 58-kDa protein product obtained by thrombin cleavage matches at 5 out
of 5 amino acids the peptide sequence predicted from sequenced DNA. The 57-kDa
protein obtained by Factor Xa cleavage had an N-terminal amino acid sequence that
matched at 5 out of 5 amino acids with the predicted protein sequence of native
M. paratuberculosis hsp60. The N-terminal sequence of the 53-kDa protein was
NVVLE and corresponded to amino acids 36-40 of the predicted M. paratuberculosis
hsp60 sequence. The predicted amino acid sequence (PKGR) preceding the 53-kDa
protein matched at 2 out of 4 amino acids with the recognised Factor Xa cleavage
sequence (Magnusson et al., 1975; Nagai and Thorgerson, 1984). This sequence is
presumably another target site for Factor Xa enzyme.
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Figure 4.8
N-terminal amino acid sequence of fusion protein proteolytic cleavage products. Reaction
products from bead-adsorbed GST-hsp60 fusion protein cleaved with either Factor Xa or
thrombin were separated by 10% acrylamide SDS-PAGE, blotted onto a 'ProBlott'
membrane (Applied Biosystems) and stained with Coomassie Blue. Protein bands of
interest were excised and subjected to automated N-terminal sequence analysis. The first
five amino acid residues of each cleavage product are detailed.
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The 60-kDa stress protein of M. paratuberculosis has been successfully cloned and
expressed as recombinant material using a pGEX-based bacterial expression system.
The strategy employed was to use PCR to generate DNA encoding the ORF of
M. paratuberculosis hsp60 gene, which could then be inserted into the vector pGEX-2T
and expressed in E. coli JM83. It was decided that the ORF would commence with the
methionine encoded by nucleotides 125-127 of the deduced sequence for the following
reasons. Firstly, this is believed to be the authentic translation initiation codon
(discussed in Section 3.3). Secondly, the resultant protein would have an N-terminal
amino acid sequence identical with that of native M. bovis hsp60 (De Bruyn et al.,
1987).
The GST-hsp60 fusion protein appeared to be efficiently adsorbed onto glutathione-
agarose beads. However, the yield of fusion protein was less than that of native GST
(data not shown). This was probably the result of stearic hindrance caused by the
relatively large size of M. paratuberculosis hsp60 interfering with the binding of the
GST moiety to the immobilised glutathione. Other workers have found difficulties with
bead purification in this pGEX system as the size of the fusion protein increases
(especially when >50-kDa), or if the fusion protein contains numerous hydrophobic or
highly charged regions (D.B Smith and L.M Corcoran, unpublished results).
After a single round of affinity-purification a relatively pure preparation of GST-hsp60
fusion protein was obtained. Some smaller components, that did not cross react with
monoclonal antibody II H9, were observed when affinity-purified material was
analysed on silver-stained SDS-PAGE gels. A cluster of three bands ranging in
molecular size from 27-kDa to 33-kDa were observed, which could correspond to
endogenously produced GST, although these were not observed in untransformed
JM83 adsorbed onto beads. These bands have also been observed by other workers
using this expression system (Tetzlaff et al., 1992; Carey, 1993). The different sizes
observed may be a result of different isoforms of the GST molecule which are known to
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exist (Smith et al., 1986). A larger molecular weight component of approximately
70-kDa was occasionally observed in the GST-hsp60 fusion protein preparation
described here. This 70-kDa component was detected by the monoclonal antibody IIH9
and was therefore most likely to be a degradation product of the 85-kDa GST-hsp60
fusion protein.
Proteolytic cleavage of the GST-hsp60 fusion protein was carried out to separate the
M. paratuberculosis rhsp60 from the GST carrier molecule. This was considered
necessary for subsequent functional assays using this protein, although the small GST
carrier moiety is not thought to be immunogenic (Smith et al., 1986). The presence of
two protease cleavage sites within the GST-hsp60 fusion protein allowed cleavage with
either thrombin or Factor Xa. Cleavage of fusion protein attached to the glutathione-
agarose beads was found to be the most effective protocol as the GST remained attached
to the beads and the soluble M. paratuberculosis rhsp60 was released into solution.
Thrombin cleavage of GST-hsp60 fusion protein resulted in the release of a single
protein product of 59-kDa. N-terminal amino acid sequence analysis predicted this to be
authentic M. paratuberculosis hsp60 with additional amino acids at its N-terminus.
During prolonged incubation with thrombin smaller products were observed which
were detected with monoclonal antibody IIH9. These were presumed to be degradation
products of the M. paratuberculosis rhsp60. This residual proteolytic degradation was
prevented by the addition of the irreversible serine protease inhibitor, p-APMSF (Laura
et al., 1980) immediately after cleavage reactions. The liberated M. paratuberculosis
rhsp60 was routinely found to be > 95% pure after HPLC purification and remained
stable for at least six months at -70°C.
Factor Xa cleavage of GST-hsp60 resulted in two major cleavage products and a much
smaller product of a similar molecular size to GST. The predicted amino acid sequence
of the M. paratuberculosis hsp60 was analysed for homology with specific Factor Xa
peptide recognition sites. A 2 out of 4 residue match was found with a PKGR motif
(residues 32-35). The resultant cleavage product would have a size consistent with the
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observed 53-kDa Factor Xa cleavage product. Motifs reported for Factor Xa recognition
sites include the prothrombin motif IDGR (Magnusson et al., 1984), the (3-globin motif
IEGR (Nagai et al., 1984), the HIV p24 motif ISPR (Gilmour et al., 1989) and more
recently the IL-la motif IKPR and IL-ip motif IEEK (Fiskerstrand et al., 1992). The
last three appear to be less specific or 'relaxed' Factor Xa recognition sites. The putative
Factor Xa recognition site PKGR reported here was confirmed by N-terminal amino
acid sequencing of the 53-kDa Factor Xa cleavage product. This product had as its first
five amino acids NVVLE which are predicted from the DNA sequence to be residues
36 - 40 of native M. paratuberculosis hsp60.
The previous chapter indicated that the 'antisense' strand of the M. paratuberculosis
hsp60 DNA contained a single potential ORF encoding a 57.4-kDa protein. Clone
MP2211A, which contained the insert in the 'antisense' orientation, expressed a similar-
sized fusion protein compared to clone MP221 IB but at much lower yields. Double-
stranded sequence analysis through the multiple cloning site was slightly ambiguous
and therefore it could not be predicted whether this potential ORF was in-frame.
However, IPTG induction of this clone resulted in an expressed product of the
predicted size, indicating that the ORF was in-frame. The expressed fusion protein did
not react with monoclonal antibody II H9 (anti-M. leprae hsp60) in Western blot
analysis. Furthermore, this protein also appeared to have a lower affinity for
glutathione-agarose beads and was associated with a number of lower molecular weight
components, as ascertained by SDS-PAGE analysis. These minor components appear to
be unique to this clone as neither the pGEX-hsp60 transformant, the pGEX
transformant or the untransformed JM83 bacteria had any similar bands after bead
purification of their respective lysates. These low molecular weight components may be
degradation products of an unstable fusion protein. A large proportion of the MP2211A
fusion protein was present in the insoluble pellet after sonication (data not shown).
Insolubility has been a frequent characteristic of foreign proteins expressed in E. coli
(Marston et al., 1986) and can be associated with increased protein instability
(Shoemaker et al., 1985).
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The pGEX expression system has been shown to be a suitable expression system for
producing large amounts of soluble fusion protein from foreign DNA. The generation
of M. paratuberculosis rhsp60 by this system allows an important mycobacterial protein
to be used as an experimental reagent in immunological studies in the sheep. Several
uses of the recombinant protein and derived products can be envisaged. Firstly, the
reagent may be used to generate immunological responses in sheep and subsequent
assessment of these responses in immunological assays. Secondly, monoclonal or
polyclonal antibodies can be generated and used to detect native M. paratuberculosis
hsp60 in tissues infected with M. paratuberculosis. Thirdly, these reagents can be used
to study the role of the M. paratuberculosis hsp60 in the immune response of animals
infected with M. paratuberculosis.
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Chapter 5




A major aim of the cloning and expression of the gene encoding the
M. paratuberculosis hsp60 was to derive reagents which could be used to study the
immunopathology of ovine paratuberculosis. This chapter describes the use of
M. paratuberculosis rhsp60 to generate T and B cell responses in sheep and the
subsequent development of an in vitro proliferation assay and ELISA to detect the
respective responses. This chapter also describes the generation of a murine monoclonal
antibody to M. paratuberculosis rhsp60, and its subsequent characterisation using this
ELISA in conjunction with immunoblot analysis.
In vitro lymphocyte proliferation relies on the processing and presentation of antigen by
antigen presenting cells, and the recognition of processed antigen by specific T
lymphocytes. A variety of cells can act as antigen presenting cells for T cells to cause
their activation and progression through the cell cycle. All nucleated cells express MHC
class I molecules and therefore have the potential to act as antigen-presenting cells for
MHC class I-restricted T cells (Monaco, 1992). Only certain cells constitutively express
MHC class II molecules and act as principal antigen-presenting cells for MHC class II-
restricted T cells (Neefjes and Ploegh, 1992a). Those cells expressing MHC class II
molecules constitutively are dendritic cells, some populations of macrophages and B
cells.
In the ovine species, three major populations of T lymphocytes exist which can be
defined by the expression of the T19 molecule, and the co-receptor molecules CD4 or
CD8 (Mackay et al., 1986). As a consequence of recognition of their specific ligand,
antigen-specific T cells release a variety of interleukins including IL-2 (Danska, 1989).
Antigen-specific triggering of the TCR molecule also results in expression of the IL-2
receptor (Waldmann, 1989), and in the presence of IL-2, antigen-activated T cells
progress through the S-phase of the cycle and onto mitosis (Von Boehmer, 1987).
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Stress proteins appear to be immunodominant antigens for T cells (Emmrich et al.,
1986; Kaufmann et al., 1991) in numerous bacterial diseases, particularly those caused
by mycobacteria. CD8-positive cytotoxic T cells from mycobacteria-primed mice
(Kaufmann et al., 1988) and CD4-positive T cells (Ottenhoff et al., 1988) with
specificity for the mycobacterial hsp60 have been identified. A number of recent studies
implicate a role for y5T cells in the recognition of the mycobacterial hsp60 (Holoshitz
et al., 1989; Janis et al., 1989; O'Brien et al., 1989). The prevalence of y5 T cells in
the sheep (Mackay et al., 1986) makes it an interesting model to study the role of the
mycobacterial hsp60 as a potential ligand for these T cells.
It is assumed that one aspect of antigen-specific activation and proliferation of T cells
provides 'help' for antibody production by B cells, and occurs as a consequence of
antigen-specific B cells processing and presenting antigen. A working hypothesis for
this 'help' is that antigen-specific B cells bind antigen via their specific surface
immunoglobulin molecules, process this material by an endosome/ lysosome pathway
and eventually present peptides of antigen to antigen-specific T cells (Hamaoka and
Ono, 1986). Those lymphokines released from T cells when presented with antigen by
B cells probably include IL-4 and IL-5, which promote clonal expansion and
subsequent maturation of activated B cells (Melchers and Anderson, 1986). These
events lead to specific antibody production by the resultant mature B cells.
The amount of antibody in serum can be assessed by the ability to bind to antigen
adsorbed on micro-plates. Bound antibody can be detected by addition of enzyme-
conjugated anti-species immunoglobulin which is the basis of the ELISA test. This
assay relies on the fact that antibody recognises native antigen configuration whereas T
cell recognition of antigen is limited to a linear sequence of amino acids.
Polyclonal antisera are effective reagents for the detection of antigen by in situ
techniques such as immunohistology. The fact that the sera is polyclonal means that a
variety of antigenic epitopes will be recognised and so provide the optimum conditions
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for antigen detection. The limited availability and difficulties in standardising such
reagents have been overcome by monoclonal antibody production. This technology has
provided a potentially endless source of antibodies with identical Ig class, affinity and
specificity. These standardised reagents are useful reagents for in vitro antigen detection




The mycobacterial hsp60 has been shown to be an immunodominant antigen for
mycobacterial antigen-specific T cells in M. tuberculosis-primed mice (Kaufmann et al.,
1987). For this reason the ability of the M. paratuberculosis rhsp60 to induce T cell
responses in in vitro proliferation assays was investigated, initially, in the murine
system.
5.2.1 Murine T cell proliferative responses to M. paratuberculosis
rhsp60
Balb/c mice were immunised with M. paratuberculosis rhsp60 in incomplete Freund's
adjuvant (IFA). After 9 days, draining lymph nodes were removed and single cell
suspensions of lymphocytes cultured in vitro with various concentrations of
M. paratuberculosis rhsp60 or M. leprae rhsp60. Preliminary experiments established
that the optimum culture period for murine T cell proliferative responses to
M. paratuberculosis rhsp60 in this assay system was 3 days (data not shown).
Figure 5.1 shows the dose response curve for murine lymphocytes cultured with
M. paratuberculosis rhsp60 or M. leprae rhsp60. The data shows that maximum
stimulation of murine lymphocytes was achieved at a concentration of 150 pg/ml
M. paratuberculosis rhsp60. Statistical analysis confirmed that significant proliferation
was observed with M. paratuberculosis rhsp60 within a concentration range of 15-150
pg/ml (P< 0.05). The dose response curve for murine lymphocytes to M. leprae rhsp60
was very similar to that obtained for M. paratuberculosis hsp60, significant proliferation
being observed within a concentration range of 1.8-150 pg/ml (P< 0.05).
This data shows that lymphocytes isolated from M. paratuberculosis rhsp60-primed
mice were able to recognise and respond to this antigen in in vitro proliferation assays.
Furthermore, these cells were also able to recognise and respond to an homologous
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Figure 5.1
Responses of murine lymphocytes to mycobacterial hsp60. Four Balb/c mice were
immunised with recombinant M. paratuberculosis hsp60 emulsified in CFA. After 9
days, draining lymph nodes were excised and single cell suspensions prepared.
Triplicate cultures of 105 cells/well were incubated for 3 days with various
concentrations of either M. leprae or M. paratuberculosis hsp60. Proliferation was
measured by uptake of 3H-thymidine over the last 5 hours of culture. Statistical
analysis was carried out using the Student's t-test.





















•— M. paratuberculosis rhsp60
a— M. leprae rhsp60
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* P < 0.05 relative to control
recombinant stress protein. To investigate the role of the M. paratuberculosis hsp60 in
the cellular immune response in paratuberculosis-infected sheep, it was necessary to
show that this recombinant stress protein would stimulate the proliferation of ovine T
lymphocytes.
5.2.2 Ovine T cell proliferative responses to M. paratuberculosis rhsp60
Ovine peripheral blood mononuclear cells (PBMC) were used to investigate the
response of ovine T cells to M. paratuberculosis rhsp60. PBMC from GST-hsp60-
primed animals, CFA-primed animals or non-primed animals were used in in vitro
proliferation assays. Preliminary experiments established that PBMC from GST-hsp60-
primed or non-primed animals do not respond to GST that has been purified from
pGEX-2T transformed E. coli, suggesting that any contaminating bacterial endotoxins
are not influencing the results of this in vitro proliferation assay (see Appendix A3).
Furthermore, the optimum culture period for the proliferation of ovine PBMC in this
system was 3 days (data not shown). The majority of subsequent assays were cultured
for 3 days in vitro, except where assays were established prior to this observation.
5.2.2.1 Responses of PBMC to M. paratuberculosis rhsp60 in in vitro
proliferation assays
Four-month old lambs were primed with GST-hsp60 fusion protein as described in
Section 2.2.1. Six weeks after secondary challenge, PBMC from GST-hsp60-primed
(n=3) or non-primed animals (n=3) were purified by density centrifugation and triplicate
cultures of 105 cells/well were incubated in the presence of various concentrations of
M. paratuberculosis rhsp60 for 3 days. Figure 5.2A shows representative dose
response curves obtained for PBMC from a GST-hsp60-primed and a non-primed
animal cultured in vitro with various concentrations of M. paratuberculosis rhsp60.
Maximum proliferation of PBMC to this antigen was obtained at a concentration of 150
pg/ml. Statistical analysis confirmed that proliferative responses of GST-hsp60-primed
PBMC were significantly greater than non-primed PBMC within an antigen
concentration range of 1.8 - 150 pg/ml (P< 0.05). The results of assays from the two
other GST-hsp60-primed and non-primed animals showed similar dose response curves
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Figure 5.2
Proliferative responses of PBMC from rhsp60-primed (n=3) or non-primed (n=3)
Finnish Landrace sheep. Viable PBMC were prepared by density centrifugation and
triplicate cultures of 105 cells/well were incubated with various concentrations of
recombinant M. paratuberculosis 60-kDa stress protein. Cultures were incubated for 3
days and proliferation was measured by the uptake of 3H-thymidine over the last 5
hours of culture.
A) Representative dose response curves from a rhsp60-primed and non-primed animal
are shown. Statistical analysis was carried out using the Student's t-test.
B) Proliferative responses of PBMC to 150 pg/ml rhsp60. Stimulation indices were
calculated as described in Section 2.6.3.1. Each symbol represents data from one




















































(data not shown). Figure 5.2B shows the range of proliferative responses obtained at an
antigen concentration of 50 pg/ml. The data was expressed as stimulation indices (as
described in Section 2.6.3.1) to allow a comparison of proliferative responses between
the different animals in each group.
PBMC from GST-hsp60-primed animals yielded stimulation indices in the range 5-15 in
the presence of M. paratuberculosis rhsp60, whilst PBMC from non-primed animals
showed negligible proliferation in the range 1.5 - 2.5. Statistical analysis confirmed that
ovine PBMC from 3 out of 3 animals showed significant proliferation in secondary
responses to M. paratuberculosis rhsp60 in vitro (P< 0.05). This data shows that the
M. paratuberculosis rhsp60 can be used as an immunogen in the ovine system, and that
this reagent can be used to stimulate primed T cells in vitro.
5.2.2.2 CFA-primed animals lack T cell proliferative responses to
M. paratuberculosis rhsp60
In the above experiment the GST-hsp60 fusion protein was emulsified in CFA prior to
primary immunisation of animals. CFA contains mycobacterial antigens and it was
therefore necessary to show that the proliferative responses to the M. paratuberculosis
rhsp60, shown in Section 5.2.2.1 were attributable to this antigen and not a
mycobacterial hsp60 component of CFA. Accordingly, PBMC from three animals
primed with CFA and an irrelevant antigen, ovalbumin, were assayed for their
proliferative responses to either M. paratuberculosis rhsp60, purified protein derivative
of M. paratuberculosis (PPD) or ovalbumin. Figure 5.3 shows the proliferative
responses obtained. 2 out of 3 animals showed significant proliferative responses to
PPD (P< 0.05). 3 out of 3 animals showed significant responses to ovalbumin
(P< 0.01). PBMC from 3 out of 3 animals showed negligible responses to
M. paratuberculosis rhsp60.
This data shows that PBMC from CFA-primed animals contain mycobacterial-
specific T cells that are capable of recognising and responding to PPD but not to
M. paratuberculosis rhsp60 in an in vitro proliferation assay. This data suggests that the
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Figure 5.3
Responses of PBMC from CFA-primed animals to M. paratuberculosis 60-kDa stress
protein. PBMC were prepared from Scottish Blackface sheep (n=3) immunised with
CFA and an irrelevant antigen, ovalbumin. Triplicate cultures of 105 cells/well were
incubated in the presence of either 150 pg/ml of M. paratuberculosis 60-kDa stress
protein, 50 pg/ml of M. paratuberculosis PPD or 150 (ig/ml of ovalbumin for 3 days.
Proliferation was measured by uptake of 3H-thymidine over the last 5 hours of culture.
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proliferative responses of PBMC to the M. paratuberculosis rhsp60 shown earlier
(Section 5.2.2.2) were due to priming with this antigen rather than to any mycobacterial
hsp60 component of the CFA.
5.2.2.3 T cell subsets proliferating in response to M. paratuberculosis
rhsp60
The distribution of T cell subsets within PBMC was determined by flow cytometry.
PBMC were purified by density centrifugation and cells were analysed with the
following subset-specific monoclonal antibodies: SBU-1 (MHC Class I); SBU-T4
(CD4); SBU-T8 (CD8); 86D (y8); VPM8 (slg) or normal mouse sera (NMS). Figure
5.4 (A) shows the FACScan dot plot (forward versus side scatter) of ovine PBMC and
the position of the electronic gate used to define the population of lymphocytes and
monocytes in this analysis. Figure 5.4 (B) shows the individual immunofluorescence
profiles of PBMC stained with these monoclonal antibodies. The position of the
electronic marker is indicated and the percentage of cells to the right of this marker are
regarded as cells with positive fluorescence.
PBMC were used to investigate the ability of different T cell subsets to respond to
M. paratuberculosis rhsp60 in vitro. PBMC were isolated from GST-hsp60-primed
animals (n=2) or from non-primed animals (n=2). PBMC were cultured in the presence
of M. paratuberculosis rhsp60 for 3 days after which time cells were analysed by single
colour immunofluorescence staining with subset-specific T cell monoclonal antibodies.
Table 5.1 shows the percentage of each T cell subset, the CD4+CD8 / y8 and CD4/
CD8 ratios, for PBMC cultured in the presence or absence of M. paratuberculosis
rhsp60. When PBMC from GST-hsp60-primed animals were cultured with
M. paratuberculosis rhsp60 there was an increase in CD8-positive relative to CD4-
positive T cells, which was significantly reduced compared to unstimulated cells (P<
0.05), and was reflected in a decrease in the CD4 / CD8 ratio from 1.45 for
unstimulated cells to 0.51 for cells cultured with antigen. There was an increase in y8-
positive T cells which was reflected in a reduction in the CD4+CD8 / y8 ratio from 0.86
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Figure 5.4
FACS analysis of ovine PBMC. Viable PBMC from a four year old Scottish Blackface
animal were prepared by density centrifugation. Cells were stained with either
monoclonal antibodies SBU-1 (MHC class I), SBU-T4 (CD4), SBU-T8 (CD8), 86D
(y5) or VPM8 (slg) or normal mouse sera, followed by anti-mouse immunoglobulin-
FITC. Cells were analysed by flow cytometry and the FACScan dot plot (A) and
immunofluorescence profiles (B) are shown. The arrow indicates the position of the
electronic gate used to define positive staining cells.
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Table 5.1
PBMC were isolated from rhsp60-primed or non-primed Finnish Landrace sheep
(n=4). Viable PBMC were prepared by density centrifugation and 106 cells/ml were
cultured in the presence (stimulated) or absence (unstimulated) of 50 pg/ml of
recombinant M. paratuberculosis 60-kDa antigen for 3 days in a 50 ml tissue culture
flask. Viable cells were harvested and stained with the monoclonal antibodies SBU-T4
(CD4), SBU-T8 (CD8) or 86D (y8) followed by anti-mouse immunoglobulin-FITC.
Cells were analysed by flow cytometry. The mean percentage of each T cell subset and


























for unstimulated cells to 0.49 for cells cultured in the presence of antigen. Culture of
PBMC from non-primed animals with M. paratuberculosis rhsp60 resulted in a
reduction of CD4-positive, CD8-positive and yS-positive cells and there were no
significant differences in the ratios of these cells cultured with or without antigen.
The apparent proliferation of PBMC in response to M. paratuberculosis rhsp60
measured in this assay may in part be explained by the increase in the relative
proportions of CD8-positive and y8-positive T cells compared to CD4-positive T cells.
Whilst this data suggests a possible role for these T cell subsets in the cellular immune
response in vivo to the M. paratuberculosis rhsp60, it does not take into account the
consequences of selective cell death occurring in vitro, which may artificially increase
the percentage of one T cell subset over another. However, these preliminary
experiments form the basis for further investigation of ovine T cell responses to
M. paratuberculosis hsp60.
Having shown that the M. paratuberculosis rhsp60 can be used to generate T cells
responses to this antigen in in vitro proliferation assays, the investigation was extended
to establish whether this reagent could be used as: i) an antigen to establish an ELISA
test to detect M. paratuberculosis hsp60-specific antibodies in sera from GST-hsp60-
primed or paratuberculosis-infected animals, ii) an antigen to generate monoclonal
antibodies which can subsequently used for immunohistochemical analysis to detect
native M. paratuberculosis hsp60 in tissues from paratuberculosis-infected animals.
5.2.3 Use of the M. paratuberculosis rhsp60 to stimulate polyclonal
antibody responses
5.2.3.1 Analysis of polyclonal antibody responses to rhsp60
Sera from GST-hsp60-primed animals was assessed for anti-hsp60 antibodies by
ELISA using M. paratuberculosis rhsp60. The polyclonal antibody response was
further characterised by investigating the contributions of the different classes of
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immunoglobulin involved in this response. Two monoclonals VPM6 (anti-sheep IgGl
and anti-sheep IgG2) and VPM13 (anti-sheep IgM) (Jones, 1989) were used to detect
different classes of immunoglobulin in sera from primed animals.
ELISA plates were pre-coated with M. paratuberculosis rhsp60 at 100 pg/ml in PBS,
and incubated with PBSA (PBS; 1% BSA; 0.1% Na azide) for 1 hour. After
blocking, doubling dilutions of sera from primed (n=6) and non-primed (n=3)
animals were added to the wells and incubated for 30 minutes at 37°C. Bound
immunoglobulin was detected by incubation with anti-sheep immunoglobulin biotin
conjugate, followed by streptavidin-alkaline phosphatase conjugate and developed with
specific phosphatase substrate (Section 2.5.5.4). To detect specific immunoglobulin
classes of bound antibody, the ELISA test was performed as described above, but after
incubation with test sera, the class-specific monoclonal antibody (either VPM6 or
VPM13, both at 1/5 dilution) was added and incubated for 30 minutes at 37°C. Bound
monoclonal antibody was subsequently detected by anti-mouse immunoglobulin biotin
conjugate and developed as described above.
Figure 5.5 shows the reactivity of sera from primed, and non-primed animals, with
M. paratuberculosis rhsp60. Primed animals showed significant reactivity with
M. paratuberculosis rhsp60 at serum dilutions ranging from 1/100 - 1/3200 compared to
non-primed animals (P< 0.05). Furthermore sera from primed animals showed
significant IgGl and IgG2 antibody responses to M. paratuberculosis rhsp60 at serum
dilutions ranging from 1/100 - 1/3200, compared to non-primed animals (P< 0.05). A
similar trend was seen in IgM responses but lower reactivity was observed. Significant
differences between primed and non-primed sera with respect to IgM were only seen at
serum dilutions of 1/100 - 1/200 (P< 0.05). Reactivity of all sera to the control antigen
BSA was negligible.
This data indicates that M. paratuberculosis rhsp60 could successfully be used to
generate a specific polyclonal antibody response in GST-hsp60-primed animals.




Reactivity of sera from rhsp60-primed and non-primed animals with
M. paratuberculosis rhsp60. rhsp60-pre-coated ELISA microplates were blocked with
PBSA (PBS/BSA/azide) for one hour at room temperature prior to the addition of sera
from rhsp60-primed (n=6) or non-primed animals (n=3). Plates were incubated for 30
minutes at 37°C. Immunoglobulin class specificity was detected by the addition of
monoclonal antibodies VPM6 (anti-sheep IgGl and IgG2) or VPM13 (anti-sheep IgM)
for 30 minutes at 37°C. Bound antibody was detected by the addition of the relevant
anti-species immunoglobulin-biotin conjugate followed by streptavidin-alkaline
phosphatase conjugate. Assays were developed with phosphatase substrate and the
resulting colour product was measured on a Dynatech microplate reader at 405nm. The
mean OD 405nm readings and the standard deviation of the data for each group are
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5.2.3.2 CFA-primed animals lack antibody responses to rhsp60
Animals primed to GST-hsp60 in CFA are also exposed to other mycobacterial antigens
which may include a mycobacterial hsp60 homologue. To show that the antibody
response observed was due to the M. paratuberculosis rhsp60 rather than a native
protein in the adjuvant, sera from CFA/ ovalbumin-primed animals (n=6) was analysed
by ELISA using the protocol described above. The results are shown in Figure 5.6.
Sera from 5 out of 6 CFA-primed animals had negligible titers to M. paratuberculosis
rhsp60 similar to the negative control sera. Sheep No. 147 had similar titers to the
positive control sera (from a primed animal). This data suggests that the antibody
response observed is predominantly due to priming with the recombinant protein rather
than a mycobacterial component of the adjuvant.
5.2.4 Use of M. paratuberculosis rhsp60 in the generation of
monoclonal antibodies
Murine monoclonal antibodies to M. paratuberculosis rhsp60 were generated by the
protocol outlined in Appendix A2. The fusions resulted in two hybridomas, 2G7 and
2G4, which both showed reactivity with M. paratuberculosis rhsp60 after cloning by
limiting dilution. Supernatants from clones 2G7 and 2G4 were isotyped using a mouse
monoclonal antibody isotyping kit (Sigma). The isotype of 2G7 was IgGl, and the
isotype of 2G4 was IgM (data not shown).
The reactivity of culture supernatants from clones 2G7 and 2G4 to
M. paratuberculosis rhsp60 was assessed by ELISA. Irrelevant isotype-matched
monoclonal antibodies were used as antibody controls, and BSA was used as an
irrelevant antigen control. The results are displayed in Figure 5.7. Supernatant from
2G7 (Figure 5.7A) showed strong reactivity to M. paratuberculosis rhsp60 at dilutions
ranging from 1/5 - 1/5120. The isotype-matched control monoclonal antibody 1C3
showed negligible reactivity. The specificity of this response was demonstrated by
negligible reactivity with the control antigen BSA. Supernatant from 2G4 (Figure 5.7B)
showed much lower reactivity to M. paratuberculosis rhsp60 and some reactivity with
98
Figure 5.6
Reactivity of sera from CFA-primed sheep. rhsp60-pre-coated ELISA microplates were
blocked with PBSA (PBS/BSA/azide) for one hour at room temperature prior to the
addition of sera from CFA-primed (n=6), rhsp60-primed (n=l) or non-primed (n=l)
animals. Plates were incubated for 30 minutes at 37°C. Bound antibody was detected by
the addition of anti-sheep immunoglobulin-biotin conjugate followed by streptavidin-
alkaline phosphatase conjugate. Assays were developed with phosphatase substrate and
the resulting colour product was measured on a Dynatech microplate reader at 405nm.
The titration curves for sera from each animal are shown.
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Figure 5.7
Characterisation of monoclonal antibodies generated using M. paratuberculosis rhsp60
by ELISA. M. paratuberculosis rhsp60 pre-coated ELISA microplates were blocked
with PBSA (PBS/BSA/azide) for one hour at room temperature prior to the addition of
culture supernatants of clones 2G4 (IgM) and 2G7 (IgGl) or their irrelevant isotype
control monoclonal antibodies. Plates were incubated for 30 minutes at 37°C. Bound
antibody was detected by the addition of anti-mouse immunoglobulin-biotin conjugate,
followed by streptavidin-alkaline phosphatase conjugate. Assays were developed with
phosphatase substrate and the resulting colour product was measured on a Dynatech
microplate reader at 405nm. The titration curves for monoclonal antibody 2G7 (A) and
monoclonal antibody 2G4 (B) are shown.
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BSA. The isotype-matched control monoclonal antibody 2F7 showed negligible
reactivity with both antigens. As monoclonal antibody 2G7 showed greater reactivity
with M. paratuberculosis rhsp60 than 2G4, it was subsequently chosen for further
study.
The reactivity of 2G7 was further characterised by Western blot analysis
against M. paratuberculosis rhsp60, and the two homologous stress proteins of
M. bovis and M. leprae. Monoclonal antibody II H9 (anti-M. leprae hsp60) was
included for comparison. The results in Figure 5.8 show that 2G7 reacted strongly with
both M. paratuberculosis and M.bovis rhsp60 homologues, but not with M. leprae
rhsp60. Monoclonal antibody II H9 reacted with all three mycobacterial rhsp60
homologues.
The specificity of monoclonal antibody 2G7 has been shown by both ELISA and
immunoblot. This reagent was subsequently used for immunohistochemical analysis to
detect M. paratuberculosis hsp60 in tissues from paratuberculosis-infected animals as
described in the following chapter.
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Figure 5.8
Characterisation of monoclonal antibody 2G7 generated using M. paratuberculosis
rhsp60 by Western blot. M. paratuberculosis, M. bovis and M. leprae rhsp60s were
separated on a reduced 10% SDS-PAGE and blotted onto nitrocellulose. Blots were
blocked with PBS/5% milk powder/azide for 30 minutes at room temperature, prior to
the addition of either 2G7 (IgGl, 1/3 in 1% milk powder/PBS), IIH9 (IgGl, 1/1000 in
1% milk powder PBS) or their irrelevant isotype control, IC3 (1/5), and incubated
overnight at 4°C. Bound antibody was detected by the addition of anti-mouse
immunoglobulin-biotin conjugate (1/1000), followed by streptavidin-alkaline
phosphatase conjugate (1/1000). Assays were developed with phosphatase substrate
and the reaction was stopped by washing blots in water. Molecular weight markers were
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5.3 Discussion
This chapter has investigated the use of M.paratuberculosis rhsp60 as an antigen for
both T cell and B cell responses. The recombinant protein is immunogenic in both the
murine and ovine species, and T cells from animals primed to M. paratuberculosis
rhsp60 respond equally well to the homologous stress protein from M. leprae. Sheep
immunised with M. paratuberculosis rhsp60 produced antibodies to the protein as
detected by ELISA. A monoclonal antibody produced in mice using the
M. paratuberculosis rhsp60 as an antigen appeared to have specificity for both
M. paratuberculosis rhsp60 and the homologous M. bovis rhsp60.
Preliminary experiments reported here have shown that T cells from primed animals can
recognise, and are capable of responding to, stress proteins in vitro. Further
investigation suggested that during in vitro culture with this antigen there was a
preferential expansion of CD8-positive and yS-positive T cells and/ or loss of CD4-
positive T cells. Numerous reports implicating CD8 and y8 T cell reactivity to
mycobacterial hsp60 can be found in the literature (e.g. Holoshitz et al., 1989; O'Brien
et al., 1989).
CD8 T cells generally recognise endogenously-derived antigen in association with MHC
class I molecules. However, in the in vitro studies reported here, exogenous antigen
was added to cultured PBMC and it might be expected that such antigen would be
processed via the MHC class II, endosome/ lysosome pathway which is generally
regarded as being restricted to CD4 T cells. The preferential expansion of CD8 and y8 T
cells during in vitro culture with exogenous antigen reported here may suggest that these
cells recognised antigen processed and presented by the endosome/ lysosome pathway.
Reports have suggested that this processing pathway is not completely exclusive to CD4
T cells as MHC class II-restricted CD8 and MHC class H-restricted y8 T cells have been
identified (Kozbor et al., 1989; Lamour et al., 1992).
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The high degree of amino acid sequence conservation between members of the hsp60
family would indicate that exposure to bacterial hsp60 may inadvertently stimulate the
activation of host hsp60-specific T cells. Koga et al. (1989) reported that T cells reactive
to mycobacterial hsp60 were able to lyse virus- or cytokine-stressed macrophages
indicating that T cells primed to the mycobacterial stress protein are capable of
recognising the endogenous host stress protein. The ability to generate hsp60-reactive T
cells with cytotoxic activity, which may recognise both conserved and non-conserved
epitopes, demonstrates the potential that exists for autoimmune responses. The
consequences of such reactivity are discussed in detail in Chapter 7 of this thesis.
In this study non-primed animals lacked T cell responses to M. paratuberculosis rhsp60
suggesting that there may be some regulatory mechanism to prevent anti-self stress
protein T and B cell responses, which are potentially autoreactive. This is the basis of
an effective immune system to distinguish between self and non-self. In intracellular
infections, such as paratuberculosis, where the expression of exogenous bacterial and
endogenous host stress proteins is likely to be increased, this regulatory mechanism
may be overwhelmed and may contribute to the pathology seen in such infections. The
immunisation of animals with M. paratuberculosis hsp60, which is predicted to have
significant homology to eukaryotic hsp60, and successful generation of hsp60-specific
T cell and antibody responses, indicates that such regulation may be overwhelmed.
More detailed investigation would be necessary to establish whether the
M. paratuberculosis hsp60 epitopes recognised by these T and B cells were
M. paratuberculosis-specific or conserved.
Immunisation of sheep with the M. paratuberculosis hsp60 provoked a significant
antigen-specific antibody response compared to non-primed and CFA-primed sheep as
detected by ELISA, and demonstrated that M. paratuberculosis hsp60-specific B cells
were present in these animals. This response was further characterised by
demonstrating that the class of immunoglobulin generated was predominantly IgGl
and IgG2 rather than IgM. To completely characterise the response in sheep, assessment
of IgA antibodies, as well as IgGl and IgG2 subclasses individually would be
necessary.
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A large panel of monoclonal antibodies directed against mycobacterial hsp60 has been
characterised (reviewed by Khanolkhar-Young et al., 1992). These monoclonal
antibodies have been very useful in the mapping of B cell epitopes on the M. leprae
hsp60 (Mehra et al., 1986) and they have been shown to be directed against both
conserved and non-conserved epitopes (reviewed by Young, 1990). The monoclonal
antibody 2G7, raised against the M. paratuberculosis rhsp60 also showed degrees of
specificity. Monoclonal antibody 2G7 reacted with M. paratuberculosis rhsp60 and
M. tuberculosis rhsp60 but not with M. leprae rhsp60. This would indicate that the
epitope recognised by this monoclonal antibody is conserved between
M. paratuberculosis and M. tuberculosis but not M. leprae rhsp60. Because of the high
degree of identity between these three hsp60 genes there are few regions within the
predicted amino acid sequences that would align to give the observed specificity.
Therefore, predictions of the epitope recognised by this monoclonal antibody could be
made and subsequently mapped more accurately using synthetic peptides. The
generation of a monoclonal antibody against M. paratuberculosis rhsp60 provides a
useful immunological reagent to investigate the presence of native M. paratuberculosis
hsp60 in tissues from infected animals.
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Chapter 6
Immune response to M. paratuberculosis 60-kDa stress
protein in Johne's Disease
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6.1 Introduction
Mycobacteria are well equipped to evade the host immune response; their lipid rich
bacterial cell wall is extremely resilient and their preference for an intracellular habitat
allows them to evade many of the host's natural and acquired resistance mechanisms.
Paratuberculosis is a classical mycobacterial infection and although little is known about
the immunology of this infection, studies on tuberculosis and leprosy are relevant. The
immune response to these intracellular organisms relies on the induction of cell-
mediated immunity (Kaufmann, 1993). The inducers of this response are T cells.
The effector cells in this response include macrophages which also provide the habitat
for the invading pathogen. However, this intracellular environment comprises
numerous antibacterial factors including acid pH, lysosomal enzymes as well as reactive
oxygen and nitrogen intermediates. In vitro studies have shown that such stressful
conditions result in an increase in expression of bacterial stress proteins in E. coli
(Lindquist and Craig, 1988). Investigation of the heat-shock response in M. bovis BCG
showed an increase in hsp60 and hsp70 synthesis (Young et al., 1990). As a
consequence of intracellular habitation, it is hypothesised that cellular levels of stress
proteins will be increased and subsequently processed and presented along with other
mycobacterial antigens by infected macrophages to antigen-specific T cells.
Activated T cells secrete cytokines such as IFNy and IL-4 which subsequently activate
infected macrophages to become effector cells and inhibit intracellular bacterial growth
(Kaplan and Cohn, 1991). Evidence also exists that some mycobacteria-infected
macrophages may be unresponsive to these T cell factors (Nogueira et al., 1983;
Pancholi et al., 1993) and rely on cytotoxic CD8 T cells to lyse such target cells,
releasing live organisms for phagocytosis by more efficient macrophages (De Libero et
al., 1988). The contribution of y8 T cells to the activation of infected macrophages has
been suggested by others and the evidence indicating a role for these cells in
mycobacterial immune responses has been discussed in Chapter 1. These cells appear to
respond vigorously to mycobacterial antigens and produce IFNy (Hiromatsu et al.,
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1992). This provides some evidence of a cytotoxic function for these cells.
Immunopathology during mycobacterial infection may then be a consequence of
uncoordinated activation of cell mediated immunity resulting in excessive macrophage
activation or excessive cytotoxicity.
While knowledge of the studies in tuberculosis and leprosy has some relevance to
studies in paratuberculosis, the causal agent M. paratuberculosis preferentially infects
the gastrointestinal tract and is therefore under the influence of the gut-associated
lymphoid tissue (GALT). Studies using PBMC as a source of T cells provide
information on the reactivity of the circulating T cell population, which will include T
cells which have circulated through the gut mucosa and may therefore have encountered
mycobacterial antigens. However, GALT is a unique lymphoid compartment and the
immunopathology of paratuberculosis is predominantly localised to this compartment
(Chiodini, 1991). In the ovine species, it has been shown that phenotypically distinct
populations of T cells are present in the gastrointestinal tract, such as a population of T
cells which do not express the pan-T cell marker CD5 (Gyorffy et al., 1992). Like the
murine system, the T cells of the ovine gut epithelium are predominantly CD8-positive
and y5-positive and lack CD4. The presence of such populations of T cells will have an
important influence on the overall immunopathogenesis of ruminant paratuberculosis.
Studies so far on the cell mediated immune response in ruminant paratuberculosis have
focused on the bovine species using PBMC or lymph node cells as a source of T cells
(Chiodini and Davis, 1992; 1993; Kreeger et al., 1992). These studies indicate that both
y8 and CD8 T cells modulate CD4 T cell responses in a negative manner, and that CD8
T cells also modulate y8 T cell responses to soluble mycobacterial antigen in vitro.
Whilst the humoral immune response to mycobacterial infection appears to be relatively
unimportant in protecting against these intracellular organisms (Kaplan and Cohn, 1986;
Kaufmann, 1988), a study of the antibody responses in paratuberculosis-infected
animals and the immunoglobulin classes involved may provide some indication of the
immune status of these animals.
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This chapter describes the investigation of the T cell response to M. paratuberculosis
rhsp60 using both PBMC and lamina propria cells (LPC) as a source of T cells in in
vitro proliferation assays. The investigation also includes a partial characterisation of the
antibody response to this recombinant protein in paratuberculosis-infected animals.
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6.2 Results
The immune response in paratuberculosis-infected animals was investigated from three
different viewpoints. Firstly, the peripheral cellular immune response was investigated
using PBMC as a source of ovine T cells. Secondly, the local cellular immune response
was investigated using lamina propria cells (LPC) as a source of T cells. Thirdly, the
humoral immune response was assessed using sera from paratuberculosis-infected
animals. In all cases the M. paratuberculosis hsp60 was used as an immunogen in in
vitro immunoassays previously established in Chapter 5.
6.2.1 Investigation of the cellular immune response in paratuberculosis-
infected animals - peripheral responses
6.2.1.1 Characterisation of T cell subsets within PBMC
PBMC were analysed by flow cytometry to determine whether there were any
differences in the distribution of T cell subsets between paratuberculosis-infected and
non-infected animals. Cells were analysed with the following subset-specific
monoclonal antibodies: SBU-T4 (CD4), SBU-T8 (CD8), 86D (yS) and VPM8 (slg).
The percentage of each T cell subset was calculated as described in Section 2.6.2.2.
This analysis was performed on PBMC from paratuberculosis-infected (n=12) and non-
infected (n=10) animals and the results are shown in Figure 6.1 A. The mean percentage
of each T cell subset is shown with the standard deviation of the data in parenthesis.
The increase in CD8-positive relative to CD4-positive T cells in PBMC from infected
animals is reflected in a decrease in the CD4 / CD8 ratio from 2.46 for the non-infected
group to 1.64 for the infected group. The CD4 + CD8 / y8 ratio for the infected and
non-infected group were similar. The distribution of ratios from individual animals is
shown in Figure 6.1B.The range of CD4 + CD8 / y8 ratio is similar for both groups but
the CD4 / CD8 ratios show a much wider variation in the infected group.
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Figure 6.1
FACS analysis of ovine peripheral blood mononuclear cells. PBMC were isolated from
paratuberculosis-infected (n=12) or non-infected animals (n=10). Viable PBMC were
prepared by density centrifugation and stained with either SBU-T4 (CD4), SBU-T8
(CD8), 86D (y8) or VPM8 (slg) followed by anti-mouse immunoglobulin-FITC. Cells
were analysed by flow cytometry. Table A shows the mean percentage of each T cell
subset, the standard deviation of the data (in parenthesis) and the CD4 + CD8 / y5 and
CD4 / CD8 ratios of the data. Figure B shows the respective ratios from all animals in




CD4 CD8 y8 B cells y8 CD8
Infected 25.63 15.57 7.32 41.50 5.62 1.64
(11-3) (7.93) (3.46) (15.2)
Non-infected 29.63 12.03 6.45 43.76 6.45 2.46
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This data shows that there are differences in the distribution of T cell subsets between
infected and non-infected animals, predominantly between CD4 and CD8 T cell subsets.
These differences were investigated by examining the in vitro proliferative responses of
these T cell subsets to mycobacterial antigens, and in particular the M. paratuberculosis
rhsp60.
6.2.1.2 T cell proliferative responses to M. paratuberculosis PPD
In order to study the T cell responses to M. paratuberculosis hsp60, it was necessary to
establish that PBMC from infected animals would respond to mycobacterial antigens in
an in vitro proliferation assay. M. paratuberculosis PPD was used as the source of
mycobacterial antigens in this assay. PBMCs were purified from paratuberculosis-
infected sheep (n=12) or non-infected sheep (n=12) and cultured in the presence of
various concentrations of M. paratuberculosis PPD. Figure 6.2A shows representative
dose response curves obtained for ovine PBMC cultured in vitro with
M. paratuberculosis PPD. Maximum proliferation of PBMC from the infected animal
was obtained at a concentration of 1.7 pg/ml of M. paratuberculosis PPD. Statistical
analysis confirmed that significant proliferation was obtained within a concentration
range of 0.2 pg/ml - 50 pg/ml PPD (P< 0.01). There was no significant proliferation by
PBMC from the non-infected animal to M. paratuberculosis PPD. Figure 6.2B shows
the stimulation indices for proliferative responses at 15 pg/ml M. paratuberculosis PPD
for the infected and non-infected groups. PBMC from sheep infected with
M. paratuberculosis yielded stimulation indices in the range of 1 - 72 (mean 27.18 +/-
24.45) whereas control animals yielded stimulation indices in the range of 1 - 8 (mean
1.6 +/- 1.37). 8 out of 12 infected animals had significantly greater responses to
M. paratuberculosis PPD compared to non-infected animals (P< 0.05).
This data shows that PBMC from paratuberculosis-infected sheep have within their
populations T cells specific for, and capable of responding to, mycobacterial antigens.
The ability of T cells from paratuberculosis-infected animals to respond to
M. paratuberculosis rhsp60 was investigated.
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Figure 6.2
In vitro proliferative responses of PBMC to M. paratuberculosis PPD. PBMC were
isolated from paratuberculosis-infected animals (n=12) or non-infected animals (n=12).
Viable PBMC were prepared by density centrifugation and triplicate cultures of 105
cells/ well were incubated in the presence of various concentrations of
M. paratuberculosis PPD. Cultures were incubated for 5 days and proliferation was
measured by the uptake of 3H-thymidine over the last 5 hours of culture. Figure A
shows representative dose response curves of PBMC from one animal in each group to
M. paratuberculosis PPD. The range of proliferative responses of PBMC from all
animals to 50 pg/ml of M. paratuberculosis PPD is shown in Figure B. Stimulation
indices were calculated as described in Section 2.6.3.1. Each circle represents one

























6.2.1.3 T cell proliferative responses to M. paratuberculosis rhsp60
PBMC were isolated from a paratuberculosis-infected, or a non-infected animal, and
cultured in the presence of various concentrations of M. paratuberculosis hsp60, or
M. paratuberculosis PPD. The results in Figure 6.3 show that PBMC from the
paratuberculosis-infected animal responded with significant proliferation (P< 0.05) to
M. paratuberculosis PPD within a concentration range of 1.7-150 (ig/ml. Maximum
proliferation was seen at 15 pg/ml of this antigen. PBMC from infected animals showed
a significant response (P< 0.05) to M. paratuberculosis rhsp60 within a concentration
range of 5-150 (ig/ml, with the maximum proliferative response seen at 150 pg/ml of
this antigen. PBMC from the non-infected animal showed no significant responses to
either antigen.
6.2.1.4 T cell subsets proliferating in response to M. paratuberculosis
rhsp60
To determine which T cell subsets were responding to the M. paratuberculosis rhsp60,
PBMC were isolated from a paratuberculosis-infected, or a non-infected animal, and
cultured in the presence of 50 pg/ml of M. paratuberculosis rhsp60. Cells were
subsequently harvested, stained with SBU-T4 (CD4), SBU-T8 (CD8) or 86D (y8) and
analysed by single colour immunofluorescence staining to determine the percentage of
each T cell subset present.
Table 6.1 shows the results of this FACS analysis. PBMC from an infected animal
cultured in vitro with M. paratuberculosis rhsp60 showed a reduction in the percentage
of CD4-positive and CD8-positive T cells, whilst yS-positive T cells were increased
compared to cultured control PBMC from the same animal (unstimulated PBMC). This
was reflected in a reduction of the CD4 + CD8 / y8 ratio which was 26.97 for
unstimulated PBMC compared to 7.92 for PBMC post antigen stimulation. In contrast,
PBMC from the non-infected animal cultured in the presence or absence of antigen
showed very little difference in the CD4 + CD8 / y8 ratio. The CD4 / CD8 ratio showed
very little difference in the presence or absence of antigen with respect to both animals.
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Figure 6.3
In vitro proliferative responses of PBMC to M. paratuberculosis rhsp60. PBMC were
isolated from a paratuberculosis-infected animal or a non-infected animal and prepared
by density centrifugation. 105 cells/well were cultured in the presence of various
concentrations of M. paratuberculosis PPD or M. paratuberculosis rhsp60. Cultures
were incubated for 3 days and proliferation was measured by uptake of 3H-thymidine
over the last 5 hours of culture. Stimulation indices were calculated as described in
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Table 6.1
Responses of T cells within PBMC to M. paratuberculosis 60-kDa stress protein.
PBMC were isolated from a paratuberculosis-infected animal or a non-infected animal.
Viable PBMC were prepared by density centrifugation and 106 cells/ml were cultured in
the presence of 50 pg/ml of M. paratuberculosis 60-kDa antigen. Cultures were
incubated for 3 days, after which time, cells were harvested and stained with either
SBU-T4 (CD4), SBU-T8 (CD8), 86D (yS) or VPM8 (slg) followed by anti-mouse
immunoglobulin FITC conjugate. Cells were analysed by flow cytometry. The
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The responses of PBMC provide useful data on the immune response in this
immunological compartment. However the major immunopathological changes
associated with paratuberculosis infection are localised to the gut mucosa. Thus, T cells
within lamina propria cells (LPC) were used to investigate the local immune response to
M. paratuberculosis hsp60.
6.2.2 Investigation of the cellular immune response in paratuberculosis-
infected animals - local responses
The investigation of the local immune response first involved establishing the presence
of mycobacterial organisms in infected tissue. Secondly, native M. paratuberculosis
hsp60 was identified in infected tissue using the monoclonal antibody generated in
Chapter 5. Thirdly, the distribution of T cell subsets in infected tissue was analysed and
the responses of these cells during in vitro culture in the presence of
M. paratuberculosis rhsp60 was evaluated.
6.2.2.1 Identification of M. paratuberculosis bacilli in infected tissue
Cryostat sections of infected and non-infected ileum were stained using the Ziehl-
Neelson technique as described in Section 2.6.4.3. The results are shown in Figure
6.4. Numerous acid-fast staining bacilli were observed in the infected tissue but were
absent in the non-infected tissue. These bacilli appear to be contained within large
lamina propria cells which are presumably macrophages. For subsequent analysis all
infected tissue was positive for acid-fast staining bacilli and all non-infected tissue was
negative for these bacilli.
6.2.2.2 Identification of M. paratuberculosis hsp60 in infected tissue
Infected ileum was investigated for the presence of M. paratuberculosis hsp60 to
determine whether this protein may play a role in the local immune response in ovine
paratuberculosis. Cryostat sections of infected (n=2) and non-infected ileum (n=2) were
prepared as described in Section 2.6.4 and analysed by both immunofluorescence and
immunoperoxidase staining. The results are shown in Figure 6.5 and 6.6. Figure 6.5
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Figure 6.4
Cryostat sections of ileal mucosa from infected or non-infected animals were prepared
5-6 pm in thickness and stained according to the technique described in Section 2.6.4.3.
Slides were visualised by conventional microscopy and representative fields are shown.
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Figure 6.5
Immunohistochemical analysis of lamina propria cells for expression of
M. paratuberculosis hsp60. Sections of ileum 10 cm from the ileocaecal junction were
excised from paratuberculosis-infected animals (n=2) or control animals (n=2). Cryostat
sections were prepared and stained with either monoclonal antibody 2G7 (IgGl, anti-
M. paratuberculosis hsp60) or the irrelevant isotype-matched monoclonal antibody
followed by anti-mouse immunoglobulin-FITC conjugate. Positive cells (arrowed) were






shows immunofluorescence staining of a representative area of ileal mucosa. Epithelial
cells from both infected and normal tissue stained positively with monoclonal antibody
2G7, but not with the control monoclonal antibody. Within these areas stronger staining
cells can be seen (arrowed). There are a large number of autofluorescent cells evident in
the lamina propria of infected tissue (visible with both monoclonal antibodies) and for
this reason it was difficult to assess positive staining in this region. However, the
immunoperoxidase staining in Figure 6.6 shows the same epithelial staining but in
addition, in the infected lamina propria, a number of positively staining cells were
observed (arrowed) which were not present in normal lamina propria. This
immunohistological analysis indicates that within M. paratuberculosis-infected lamina
propria there are a number of cells expressing relatively high levels of the
M. paratuberculosis hsp60.
6.2.2.3 Analysis of T cell subsets within lamina propria cells (LPC)
The T cell subset composition of LPC from infected gut mucosa was investigated and
compared to LPC from normal gut mucosa. Two methods were used to assess the
percentages of T cell subsets in gut mucosa: i) immunohistochemical analysis of fixed
tissue sections which allows quantitation of T cell subsets as well as morphometric
analysis of T cell subsets, ii) flow cytometry of single-cell suspensions which allows
more accurate quantitation but gives no detail of the distribution of T cell subsets.
i) Immunohistochemical analysis
Cryostat sections of ileum from paratuberculosis-infected (n=4) or non-infected (n=4)
animals were prepared and stained with either SBU-T4 (CD4), SBU-T8 (CD8) or 86D
(y8) as described in Section 2.6.4.2. Positive cells were visualised by conventional light
microscopy. The numbers of positive cells in 5 random fields were counted and the
results expressed as CD4 + CD8 / y5 ratio or CD4 / CD8 ratio. Figure 6.7 shows the
results obtained. The CD4 + CD8 / y8 ratio for the infected group ranged from 3.35 to
9.50 whilst the non-infected group ranged from 4.73 to 6.97. These ratios were not
significantly different. The CD4 / CD8 ratio for the infected group ranged from 0.80 to
1.18 whilst for the non-infected group the ratio ranged from 1.06 to 1.58. These ratios
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Figure 6.6
Immunohistochemical analysis of lamina propria cells for expression of
M. paratuberculosis hsp60. Sections of ileum 10 cm from the ileocaecal junction were
excised from paratuberculosis-infected animals (n=2) or control animals (n=2). Cryostat
sections were prepared and stained with either monoclonal antibody 2G7 (IgGl, anti-
M. paratuberculosis hsp60) or the irrelevant isotype-matched monoclonal antibody 1C3,
followed by anti-mouse immunoglobulin-biotin conjugate and finally horse radish
peroxidase conjugated to streptavidin (Section 2.6.4.2). Positive cells (arrowed) were



















Immunohistochemical analysis of lamina propria lymphocytes. Sections of ileum 10 cm
from the ileocaecal junction were excised from paratuberculosis-infected animals (n=4)
or control animals (n=4). Cryostat sections were prepared and stained with either SBU-
T4 (CD4), SBU-T8 (CD8) or 86D (y 5) followed by anti-mouse immunoglobulin-biotin
conjugate and finally horse radish peroxidase conjugated to streptavidin (Section
2.6.4.2). Positive cells were visualised by conventional microscopy. Quantitation of
results was made by counting positive cells in 5 random fields and expressing the
results as CD4 + CD8 / y5 ratios or CD4 / CD8 ratios. The mean values and standard
deviations for each set of data are indicated. Statistical analysis was performed using a






Infected Non-infected Infected Non-infected
* P < 0.05 relative to non-infected group
were significantly different (P< 0.05). The distribution of T cell subsets within the ileal
mucosa from infected and non-infected animals are shown in Figure 6.8.
ii) FACS analysis
LPC were isolated from the gut mucosa of a paratuberculosis-infected animal and a non-
infected animal (Section 2.6.1.3). FACS analysis of isolated LPC was performed using
T cell subset-specific monoclonal antibodies SBU-T4 (CD4), SBU-T8 (CD8) and 86D
(y8). Cells were analysed by single colour immunofluorescence staining to determine
the percentage of each T cell subset present, the CD4 + CD8 / y8 ratio and the CD4 /
CD8 ratio. Table 6.2 shows the percentages of T cell subsets and the relative ratios of
the subsets isolated from the gut mucosa. The percentage of CD4-positive T cells was
reduced and the percentage of CD8-positive T cells was increased in the infected animal
compared to the control animal. These changes were reflected in a CD4 / CD8 ratio of
0.40 for the infected animal compared to 1.36 for the non-infected animal. The
percentage of y8-positive cells was also reduced in the infected animal compared to the
control animal and this was reflected in a CD4 + CD8 / y8 ratio of 9.17 for the infected
animal compared to 4.89 for the non-infected animal. This data is consistent with the
data from the immunohistochemical analysis shown above.
The two techniques described above both indicate that there appear to be differences in
the distribution of T cell subsets within LPC and, in general, there was an increase in
the CD8-positive T cells relative to the CD4-positive T cells in the gut mucosa from
infected animals compared to non-infected animals. This suggests that in chronically
infected animals CD8-positive T cells may play an important role in the local
immunopathology of ovine paratuberculosis.
6.2.2.4 Responses of LPC to M. paratuberculosis rhsp60 in in vitro
proliferation assays
LPC were used to investigate the response of T cells to M. paratuberculosis rhsp60 in
in vitro culture. LPC were isolated from the gut mucosa of a paratuberculosis-infected
or a non-infected animal and cultured in the presence of various concentrations of either
M. paratuberculosis rhsp60 or M. paratuberculosis PPD.
112
Figure 6.8
Immunohistochemical analysis of lamina propria lymphocytes. Sections of ileum 10 cm
from the ileocaecal junction were excised from: A) paratuberculosis-infected animals
(n=4); or B) control animals (n=4). Cryostat sections were prepared and stained with
either SBU-T4 (CD4), SBU-T8 (CD8) or 86D (y8) followed by anti-mouse
immunoglobulin-biotin conjugate and finally horseradish peroxidase conjugated to
streptavidin (Section 2.6.4.2). Positive cells were visualised by conventional
microscopy and negative control staining with normal mouse sera or irrelevant
monoclonal antibodies showed no positive cells. Representative fields are shown.
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FACS analysis of ovine lamina propria cells. LPC were isolated from a
paratuberculosis-infected animal or a non-infected animal. Viable LPC were prepared by
density centrifugation and stained with either SBU-T4 (CD4), SBU-T8 (CD8) or 86D
(yS) followed by anti-mouse immunoglobulin-FITC conjugate. Cells were analysed by
flow cytometry. The percentages of each T cell subset, the CD4 + CD8 / yS ratio or the




CD4 CD8 y8 y8
Infected 19.55 48.50 7.26 9.17 0.40
Non-infected 41.19 30.14 14.58 4.89 1.36 .
Figure 6.9 shows the dose response curves expressed as stimulation indices obtained
for LPC cultured in vitro with M. paratuberculosis rhsp60 or M. paratuberculosis PPD.
Stimulation indices were negligible for LPC from both the infected and non-infected
animals with either antigen.
The reason for the failure of proliferative responses to antigen in these assays could not
be determined. However, when LPC from an infected and non-infected animal were
cultured in the presence of the T cell mitogen Con A, proliferative responses were
observed (data not shown). In response to Con A, stimulation indices of 18.7 for
paratuberculosis-infected LPC and 165.9 for non-infected LPC were obtained. This
clearly shows that cells from this tissue were viable and able to proliferate. However,
the Con A proliferative responses of LPC from the infected animal were considerably
less than the responses of LPC from the non-infected animal. This may indicate that T
cells from infected tissue have a reduced ability to proliferate in response to both
mitogens and M. paratuberculosis antigens in vitro.
6.2.3 Investigation of the humoral immune response in paratuberculosis-
infected sheep
An immunoassay to detect antibodies to M. paratuberculosis hsp60 using
M. paratuberculosis rhsp60 was established in the previous chapter. This ELISA was
used to study the antibody response to M. paratuberculosis hsp60 in paratuberculosis-
infected animals. Infected animals were diagnosed as paratuberculosis-infected by a
positive result on agarose gel immunodiffusion test (AGID) carried out by a commercial
laboratory. All non-infected animals were negative by AGID. ELISA plates were pre-
coated with 100 pg/ml M. paratuberculosis rhsp60 and incubated with PBSA for 1
hour. After blocking, doubling dilutions of sera from infected (n=6) and non-infected
animals (n=6) were added to the wells and incubated for 30 minutes at 37°C. Bound
total immunoglobulin was detected by incubation with anti-sheep immunoglobulin-
biotin conjugate, followed by streptavidin-alkaline phosphatase and developed with
specific substrate (Section 2.5.5.4).
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Figure 6.9
In vitro proliferative responses of lamina propria cells. LPC were isolated from ileal
mucosa of a paratuberculosis-infected or a non-infected animal. Viable cells were
prepared by density centrifugation and triplicate cultures of 105 cells/well were
incubated in the presence of various concentrations of M. paratuberculosis rhsp60 or
M. paratuberculosis PPD for 5 days. Proliferation was measured by uptake of 3H-
thymidine over the last 5 hours of culture. Stimulation indices were calculated as
described in Section 2.6.3.1.
Infected Non-infected
Antigen concentration |ig/ml (Iog10)
KEY:
Stimulating antigen
0— M. paratuberculosis PPD
• M. paratuberculosis rhsp60
The antibody response to M. paratuberculosis hsp60 was further characterised into
IgGl, IgG2 and IgM responses. To detect isotype-specific immunoglobulin, the ELISA
protocol outlined above was followed, but either VPM6 (anti-sheep IgGl and IgG2) or
VPM13 (anti-sheep IgM) was used to detect specific immunoglobulin classes.
Representative titration curves for total immunoglobulin, IgGl and IgG2, and IgM
responses from two animals in each group are shown in Figure 6.10, and Table 6.3
summarises the ELISA data for each animal group. The data shows that sera from
infected animals had a greater mean antibody titer to M. paratuberculosis rhsp60
although this was not statistically significant. Furthermore the IgGl and IgG2
responses for sera from infected animals were also increased compared to the non-
infected animals. The IgM responses for sera from the infected animals was reduced
compared to the non-infected animals. The specificity of the response was indicated by
the negligible reactivity of all sera to the control antigen BSA. This data indicates that
animals infected with M. paratuberculosis have anti-hsp60 antibodies which can be
detected by ELISA and that the predominant antibody response in this assay system
appears to be IgG rather than IgM.
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Figure 6.10
Detection of specific antibody using M. paratuberculosis rhsp60. ELISA microplates
pre-coated with M. paratuberculosis rhsp60 were blocked with PBSA (PBS/BSA/azide)
for one hour at room temperature prior to the addition of sera from paratuberculosis-
infected (n=4) or non-infected animals (n=4). Plates were incubated for 30 minutes at
37°C. Immunoglobulin class specificity was detected by the addition of monoclonal
antibodies VPM6 (anti-sheep IgGl and IgG2) or VPM13 (anti-sheep IgM) for 30
minutes at 37°C. Bound antibody was detected by the addition of the relevant anti-
species immunoglobulin-biotin conjugate followed by streptavidin-alkaline phosphatase
conjugate. Assays were developed with phosphatase substrate and the resulting colour
product was measured on a Dynatech microplate reader at 405nm. Representative
titration curves from two animals from each group: P5 and P16 (paratuberculosis-
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Table 6.3
Detection of specific antibody using M. paratuberculosis rhsp60. ELISA microplates
pre-coated with M. paratuberculosis rhsp60 were blocked with PBSA (PBS/BSA/azide)
for one hour at room temperature prior to the addition of sera from paratuberculosis-
infected (n=4) or non-infected animals (n=4). Plates were incubated for 30 minutes at
37°C. Immunoglobulin class specificity was detected by the addition of monoclonal
antibodies VPM6 (anti-sheep IgGl and IgG2) or VPM13 (anti-sheep IgM) for 30
minutes at 37°C. Bound antibody was detected by the addition of the relevant anti-
species immunoglobulin-biotin conjugate followed by streptavidin-alkaline phosphatase
conjugate. Assays were developed with phosphatase substrate and the resulting colour
product was measured on a Dynatech microplate reader at 405nm. Results are expressed
as mean OD values for each group at serum dilutions of 1 in 10, with the standard
deviation shown in parenthesis.
Total Ig
Isotype
IgGl and 2 IgM
Infected 0.912 1.052 0.734
(n=4) (0.271) (0.318) (0.137)
Non-infected 0.523 0.702 1.089
(n=4) (0.108) (0.392) (0.465)
6.3 Discussion
FACS analysis of PBMC from paratuberculosis-infected animals demonstrated
differences in T cell subset composition compared to non-infected animals. Half of the
infected animals investigated had a higher percentage of CD8-positive T cells relative to
CD4-positive T cells than non-infected animals. T cells from infected animals showed
significant proliferative responses to mycobacterial PPD and at least one animal showed
significant responses to M. paratuberculosis rhsp60. Further investigation suggested
that in infected animals there was a greater expansion of y 8 T cells relative to other T cell
subsets during in vitro culture of PBMC with M. paratuberculosis rhsp60.
The data presented here appears to indicate an increase in y8 T cells during in vitro
culture with M. paratuberculosis rhsp60 and provides preliminary evidence for a role
for hsp60-specific y8 T cells in the immune response to M. paratuberculosis infection.
However, an investigation of absolute numbers of each T cell subset in the cultures
would be necessary to exclude the possibility of selective cell death biasing the results.
In cattle, y8 T cells are the predominant population that proliferate during autologous
mixed lymphocyte reactions indicating that they may recognise self determinants on
damaged or stressed cells (Godderis et al., 1986). In the studies of this thesis, in vitro
culture of PBMC in the absence of antigen resulted in negligible proliferative responses
and no significant expansion of T cell subsets.
Studies by Chiodini and Davis (1992) indicate a role for y8 T cells reactive to
mycobacterial antigens. CD4-positive T cells from paratuberculosis-infected cattle were
capable of responding to PPD in vitro in the absence of y8 T cells, but in the presence of
y8 T cells these cells showed reduced viability and proliferative responses. It was
proposed that this may have been due to cytotoxic activity or inactivation by y8 T cells.
Such regulation of CD4-positive T helper cells may explain why there is uncontrolled
bacterial proliferation in the latter stages of paratuberculosis, and may also explain the
observed reduced CD4/ CD8 ratio seen in many infected animals.
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In peripheral blood of normal cattle and sheep, the y5 T cell subset are present in
significantly higher numbers than in human and mouse species, and are present at
epithelial sites such as the gut mucosa (Mackay et al., 1989; Hein and Mackay, 1991;
Evans, 1993). Another significant feature involved in the development of the sheep
immune system is the exposure to large numbers of bacteria, protozoa and metazoan
parasites at mucosal surfaces (Hein and Mackay, 1991). It has been established that the
percentage of ovine peripheral blood y8 T cells increased as the antigenic load of the
animal was increased (Evans, 1993). It has been shown that the y8 T cell population of
sheep express a greater repertoire of antigen receptors (Hein and Dudler, 1993) than in
human and mouse systems. Therefore, the sheep may have a higher dependence on y8
T cells than other species in response to certain antigens.
Recent studies by Chiodini and Davis (1993) suggest that in some animals exposed to
M. paratuberculosis, the regulatory effect of y8 T cells over CD4 T cells was itself
suppressed by CD8 T cells. The mechanism of this suppression could not be
determined in this study by these workers, but it was suggested that it most closely
resembled the veto cell model of suppression (reviewed by Fink et al., 1988). In this
model, a responder cell binds to a veto cell, usually a CD8-positive T cell, leading to
inactivation of the responder cell. This is an antigen-specific response, the antigen being
expressed on the surface of the veto cell and being recognised by the responder cell.
Subsequently, such responder cells remain viable, but suppressed in their response to
antigen, even after separation from the veto cell (Fink et al., 1988; Muraoka et al.,
1984).
The local immunopathology of chronic M. paratuberculosis infection has provided some
guide to the response by different T cells in this disease. Histological analysis of
infected ileum, reproted here demonstrated the presence of numerous acid-fast staining
mycobacteria in the gut mucosa of infected animals, and immunohistochemical analysis,
with a monoclonal antibody generated against M. paratuberculosis rhsp60, identified
numerous cells in the lamina propria expressing high levels of M. paratuberculosis
hsp60. Furthermore, immunohistochemistry and FACS analysis of the T cell population
in infected tissue revealed increased numbers of CD8-positive T cells relative to CD4-
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positive and y8-positive T cells, suggesting that cytotoxic CD8-positive T cells may
have a role in the local cell-mediated immune response to M. paratuberculosis. CD8-
positive T cells within PBMC have been shown to have a suppressive effect on
proliferative responses of CD4-positive T cells in vitro (Chiodini and Davis, 1992). A
direct correlation has been shown between peripherally stimulated experimental animals
and those with naturally occurring intestinal infection, suggesting that responses in
peripheral blood may reflect those occurring in the lamina propria (Chiodini and Davis,
1993).
The immunohistological findings could not be supported by in vitro proliferation data as
the latter investigation was inconclusive. The lack of proliferative responses of LPC to
either PPD or M. paratuberculosis rhsp60 could be due to a number of factors. The T
cells within LPC may have been unresponsive to antigen, or antigen presenting cells
may not have been able to process and present antigen as a consequence of infection.
The responses to Con A clearly showed that cells from this tissue were viable and able
to proliferate (data not shown). There was greater proliferation among LPC from the
non-infected animal than infected animal to Con A, and this may suggest some failure of
T cell proliferation within LPC from infected animals. It has been suggested that lamina
propria lymphocytes have poor proliferative responses in mixed lymphocyte reactions
(Elson et al., 1982). Further investigation, using a larger sample pool, would be
necessary to establish the reason for failure of LPC to proliferate in vitro to
mycobacterial antigen.
Immunohistochemical analysis showed that monoclonal antibody 2G7 appeared to react
with epithelial cells of both infected and non-infected animals. This suggests that this
monoclonal antibody may recognise an epitope that is common to M. paratuberculosis
and its equivalent eukaryotic hsp60 homologue. The apparent high level of eukaryotic
hsp60 expression in normal epithelial cells may be explained by the rapid turn over rate
of these cells (Marsh, 1987). The function of intraepithelial lymphocytes (IEL) may
involve the recognition of endogenous stress protein presented on the surface of such
cells and cause the subsequent lysis of these cells. The IEL population is unusual in that
these cells are predominantly cytotoxic CD8-positive and y8-positive with few, if any,
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CD4-positive T cells. This has been observed in the human (Deusch et al., 1991),
mouse (Bonneville et al., 1988; Taguchi et al., 1991) and sheep species (Gyorffy et al.,
1992). It has been suggested that a population of IEL may undergo extrathymic
expansion by selective pressure from the gut microenvironment, and that these T cells
may be a first line of defence against pathogens at this epithelial site (Rocha et al.,
1991).
Antibody responses to M. paratuberculosis hsp60 were detected in sera from infected
animals but these were not significantly greater than non-infected animals. These
findings indicate that a proportion of non-infected animals have antibody responses to
M. paratuberculosis hsp60 and this is consistent with reports in human studies (Thole et
al., 1987; Kiessling et al., 1991). Antibody responses to mycobacterial hsp60 may
represent cross-reactive antibodies elicited by previous exposure to other bacteria. To
improve the sensitivity and specificity of an ELISA used to diagnose ruminant
paratuberculosis, other workers have pre-absorbed sera with M. phlei, to remove cross-
reactive antibodies (Bech-Nielson et al., 1992). Therefore, sera pre-absorbed with
M. phlei may increase the sensitivity and specificity of the ELISA used to detect
antibodies to M. paratuberculosis hsp60 in these studies. Yokomizo et al. (1983)
showed that measurement of IgGl antibody to M. paratuberculosis protoplasmic
antigen was more sensitive than IgM for the diagnosis of paratuberculosis in cattle.
In this investigation the antibody response to M. paratuberculosis rhsp60 appeared to be
predominantly IgGl and IgG2 rather than IgM. This is consistent with the observed
antibody responses to other bacteria in ruminants (Beh et al., 1983, 1986). The partial
characterisation described in this study does not distinguish whether IgGl or IgG2
responses predominate. This may be relevant to T cell-dependent factors that have been
shown to influence immunoglobulin isotype. IFNy has been shown to induce
predominantly IgG2a responses, and IL-4 induces IgGl and IgE in LPS stimulated
lymphocytes (Roitt, 1991). This suggests that the characterisation of the humoral







7.1 Summary of results
PCR has been used successfully to generate DNA encoding the 60-kDa stress
protein of M. paratuberculosis. The subsequent sequencing of this DNA revealed
greater than 95% identity with M. leprae and M. tuberculosis hsp60 homologues, and
50% identity with the human hsp60 homologue, mitochondrial PI protein. The DNA
encoding the M. paratuberculosis hsp60 was expressed in E. coli via the vector pGEX-
2T as a fusion protein with GST. M. paratuberculosis rhsp60 was liberated from the
fusion protein by proteolytic cleavage with the enzyme thrombin. The generation of
large amounts of M. paratuberculosis rhsp60 allowed the production of a monoclonal
antibody to this protein and a preliminary investigation of ovine immune responses, in
particular by sheep infected with M. paratuberculosis, to this mycobacterial antigen.
The functional analysis of responses to M. paratuberculosis hsp60 revealed a number of
points: i) this antigen can be used to generate specific T cell responses in the murine and
ovine systems; ii) this antigen can be used to generate polyclonal antibody responses in
the ovine system and murine monoclonal antibodies; iii) M. paratuberculosis rhsp60 can
be used to detect T cell and antibody responses by in vitro proliferation assays and
ELISA, respectively; iv) T cell responses to this antigen were detected in a
paratuberculosis-infected animal but not in a non-infected animal; v) hsp60-specific
antibody responses were not only detected in paratuberculosis-infected animals but also
in a number of non-infected animals.
The general consequences of these points will be addressed in this discussion.
7.2 Molecular aspects of hsp60
The determination of the nucleotide sequence for M. paratuberculosis hsp60 reported
here has confirmed that it is a member of the hsp60 family of stress proteins. The
deduced amino acid sequence has revealed some evidence that this molecule may have
molecular chaperonin functions in vivo. The presence of a protein sequence motif that is
homologous to Fl-ATPase a-subunits, which are intimately associated with the folding
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and assembly of chromatophores in chloroplasts (Avni et al., 1991), provides
circumstantial evidence that this molecule may function as a molecular chaperone.
Furthermore, the homology of this chaperonin protein module with the E. coli ains gene
product, suggests that it may be involved in correct folding of RNases and subsequently
promote RNA-RNase interactions, and in so doing be involved in post-transcriptional
regulation events (Dice et al., 1986; Alconada and Cuezva, 1993). It is proposed that
binding of these chaperones to nascent or newly synthesised peptides may involve the
recognition of consensus peptide sequences in hydrophobic regions normally hidden
within native folded proteins (Hendrick and Hartl, 1993). Such a sequence has been
identified for hsp70 (Dice et al., 1986), but as yet none have been identified for hsp60.
DNA sequence analysis, and amino acid determination, revealed no extensive
hydrophobic regions of the M. paratuberculosis hsp60 suggesting this molecule is likely
to be a soluble, cytoplasmic protein. To support this, a recent study using
immunohistochemical analysis revealed that hsp60 epitopes could be detected in the
cytosol and also on the cell wall surface of M. leprae bacilli (Rambukkana et al.,
1992a).
Studies investigating structural motifs and computer modelling have been used to
predict which amino acid sequences might form B or T cell epitopes within protein
antigens. Immunodominant T cell epitopes have been proposed to comprise short
stretches of amino acids that can form amphiphilic helices, which are helical structures
with one hydrophobic side and one hydrophilic side (Berzofsky, 1985). Shinnick
(1987) identified a number of such sequences within M. tuberculosis hsp60 and,
because of the extensive homology between mycobacterial hsp60s, this implies that
they are likely to be present in M. paratuberculosis hsp60. However, factors other than
structural predictions determine the immunogenicity of peptides, such as MHC
haplotype. To successfully establish known T cell epitopes, an assay system involving
T cell responses to particular epitopes is required. Using synthetic peptides and
expressed recombinant deletion mutants of the M. leprae hsp60 gene, some 21 different
T cell epitopes have been mapped by the identification of T cell clones reactive with
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these structures (Ottenhoff et al., 1991). Interestingly, all these hsp60-reactive T cell
clones were MHC class II (DR)-restricted and, to date, no MHC class I-restricted hsp60
T cell epitopes have been identified.
7.3 Processing and presentation of hsp60
Mycobacterial stress proteins have been shown to be recognised by antigen-specific T
cells. It is worth considering how the M. paratuberculosis hsp60 might be processed
and presented to T cells to initiate cell-mediated immune responses when the
mycobacteria are apparently sequestered within macrophages. Degradation of
mycobacteria, within phagosomes and lysosomes, would allow mycobacterial antigens
to be processed and presented by the MHC class II pathway to CD4 T cells. However,
degradation of mycobacteria within endosomal compartments has not been
demonstrated. It is thought that proteins secreted by mycobacteria are likely to be the
first mycobacterial antigens recognised following infection. Secretory proteins present
within phagosomes have access to the MHC class II pathway, but they may leak out of
these compartments into the cytoplasm and so become available for MHC class I
processing and presentation (Orme et al., 1993). Although mycobacterial hsp60 does
not possess a recognised leader sequence and cannot be described as an actively
secreted protein, under defined in vitro culture conditions this protein has been found as
a predominant fraction in mycobacterial culture supematants (De Bruyn et al., 1987; Pal
and Horwitz, 1992). A 65-kDa protein was seen as one of the predominant proteins in
M. paratuberculosis culture supematants, and furthermore was detected using sera from
animals vaccinated with live M. paratuberculosis (Valentin-Weigand and Moriarty,
1992). This in vitro data suggests that mycobacterial hsp60 could be among the first
mycobacterial antigens to be processed and presented by infected host macrophages.
Another theory that may explain the mechanism of processing and presentation of hsp60
relates to their natural function. In this case, host hsp60 may associate with partially
denatured mycobacterial proteins, destined for the MHC class II pathway, and may
inadvertently be co-processed and presented. Such a scenario could also explain the
development of autoimmune responses that are frequently observed in association with
mycobacterial infection. A role in antigen processing and presentation has been
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suggested for hsp70, and the function of hsp70 and hsp60 are proposed by others to be
interrelated (Hendrick and Hartl, 1993). Conclusive evidence that hsp60 is processed
and presented in the context of MHC molecules would need to be demonstrated by
purification of MHC molecules and identification of hsp60 peptides in association with
these molecules. The sequencing of these peptides would establish whether conserved
or non-conserved epitopes were the target for hsp60-specific T cells. Identification of
such specificities would have consequences for mycobacterial immunity,
immunopathology and autoimmunity.
7.4 Role of hsp60 in the protective response to mycobacterial infection
Mycobacterial hsp60 appears to be highly immunogenic and T cell responses to these
proteins are readily demonstrated following immunisation or infection with
mycobacteria (reviewed by Kaufmann, 1993). The potential source of hsp60 within
infected cells is likely to be due to induction of mycobacterial hsp60 during their
intracellular habitation, and may be augmented by endogenous host hsp60. This may
account for the immunodominance of the cellular response to hsp60 which is maintained
or boosted by exposure to other microbes with similar hsp60 molecules. This may
partially account for the observation that individuals that have not been exposed to
mycobacterial infection have hsp60-specific T cells (Munk et al., 1989). Despite this
immunodominance, there is only limited evidence that the mycobacterial hsp60 might
contribute to the protective immune response. An hsp60-specific T cell clone derived
from an animal immunised with CFA transferred resistance against adjuvant arthritis in
rats (Van Eden et al., 1988). Furthermore, pre-immunisation with mycobacterial hsp60
protected against streptococcal cell wall-induced arthritis (Van den Broek et al., 1989).
Such immunodominant antigens have been used as carriers for potential vaccines and
appear to induce strong immunity to otherwise poorly immunogenic molecules (Barrios
et al., 1992; Perraut et al., 1993). However, the use of such crossreactive molecules for
immunisation has the potential to induce tissue damaging autoimmune responses. These
antigens would appear to elicit a broadly reactive response possibly against conserved
epitopes. T cells which recognise conserved epitopes, such as those found on stress
proteins, may have a role in immunesurveillance and may represent a first line of
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defence against invading pathogens. Such crossreactive T cells could recognise stressed
host cells, whether the insult be infection, inflammation or trauma, and initiate an
immediate non-specific immune response preceding a more pathogen-specific immune
response by ap T cells. y8 T cells appear to have reactivity for mycobacterial antigens
and in particular the mycobacterial hsp60 (O'Brien et al., 1989; Holoshitz et al, 1989).
This evidence together with their prevalence at epithelial sites make them attractive
candidates for this surveillance function (Born et al., 1990; Asarnow et al., 1988). ap T
cells reactive to hsp60 have also been identified and there is no reason to suggest that
these cells do not participate in this function (Anderton et al., 1993).
7.5 y5 T cells and hsp60
y8 T cells which are present at epithelial sites appear to have a limited T cell receptor
repertoire, at least in the mouse, which has led to the hypothesis that they might be
preprogrammed to recognise a limited set of specific antigens (Janeway et al., 1988;
Itohara et al., 1990). y8 T cell clones expressing specific TCR arrangements respond to
mycobacterial PPD as well as recombinant mycobacterial hsp60 and spontaneously
produce lymphokines, such as IFNy and IL-2, in vitro, suggesting that they might be
recognising self hsp60 on the surface of stressed cells (O'Brien et al., 1989; Born et al.,
1990). Jarjour et al. (1990) have demonstrated that human y5 T cell lines constitutively
express an hsp60 homologue and this may be a potential ligand for these cells. Recently
it was revealed that there may be fundamental differences in the way y8 T cells
recognise antigen (Schild et al., 1994). These studies suggest that y8 T cells do not
require MHC class I or class II processing and presentation of antigen to mediate
cellular immune functions. It is proposed that y8 T cells recognise antigen in an
immunoglobulin-like manner and therefore recognise antigen directly, without the need
for antigen degradation by specialised antigen presenting cells. This may explain the
autoreactive response of y8 T cells during in vitro culture and may account for their
ability to mount a more immediate response ahead of their a(3 T cell counterparts (Evans
et al., 1994).
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The prominence of y8 T cells in the ruminant immune system, particularly at epithelial
sites such as the intestine suggests that yS T cells may have an important function in the
ruminant immune system. Ruminant y8 T cells also appear to recognise mycobacterial
antigens (Evans et al., 1994), but it remains to be elucidated whether ruminant y8 T
cells also show specificity for mycobacterial hsp60. The preliminary evidence presented
here indicate that M. paratuberculosis hsp60-primed and paratuberculosis-infected
animals have T cell responses to M. paratuberculosis hsp60 in vitro and that, in this
assay system at least, y8 T cells preferentially expand during short term culture. The
influence of the commensal bacteria and other parasites which comprise the rumen flora
may be of central importance to the development of the ruminant immune system. Some
evidence that at least the y8 T cell repertoire of ruminants is influenced by rumen flora is
provided by studies on specific pathogen free animals or gnotobiotic animals who
appear to have fewer numbers of y8 T cells compared to normal animals (Evans, 1993).
It is possible that early in ruminant development the immune repertoire of ruminants is
defined by these commensal organisms and since such organisms are likely to produce
stress proteins such as hsp60, it is conceivable that the immune repertoire may in part be
directed towards hsp60. Characterisation of the ovine peripheral blood y8 T cell
population is currently in progress (Hein et al. 1990; Hein and Dudler, 1993) and it will
be interesting to compare this repertoire to that of ovine intestinal yS T cells.
7.6 Thl versus Th2 subsets
The central role of CD4 T cells in the protective immune response to mycobacteria is
widely accepted (reviewed by Kaufmann, 1993; Boom et al., 1991; Emmrich et al.,
1986). In the murine system, CD4 T cells have been further divided into Thl and Th2
cell types based on their cytokine profiles, and evidence of a similar type of division in
the human system has been observed (reviewed by Romagnani, 1991). Thl type cells
are consistently isolated from patients with tuberculosis (Boom et al., 1991; Emmrich et
al., 1986), and more recently Th2 type cells have been shown to contribute towards
defective host resistance in tuberculosis (Surcel et al, 1994). It would appear from data
such as this, that there may be an interplay between Thl and Th2 cells. The fine balance
between the secreted cytokines of these two subsets may ultimately affect the nature of
the host response to the mycobacteria. The secretion of IFNy, one of the cytokines
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secreted by Thl cells, but also by activated CD8, y8 and NK cells would clearly drive
the balance in favour of Thl rather than Th2 responses.
Th2 responses have been associated with deficient immune responses to intracellular
pathogens (Sher and Coffman, 1992). The factors which favour a shift towards Th2
responses are of great interest. Immunoendocrinological mechanisms may provide an
explanation for the observed shifts in Thl/Th2 balance. In the rat adjuvant arthritis
model there is increased production of ACTH and glucocorticoids which enhance Th2
activity and synergise with IL-4 (Harbuz et al., 1993; Chowdrey and Lightman, 1993).
Stress causes a fall in levels of the prohormone dehydroepiandrosterone (DHEAS)
which favours a Thl to Th2 shift (reviewed by Ehlers et al., 1994). The prohormone
25-hydroxy vitamin D3 drives Thl responses but upon conversion to 1,25-dihydroxy
vitamin D3 (calcitriol), as seen in chronic T cell-dependent inflammatory disorders such
as tuberculosis, encourages a Thl to Th2 shift (Daynes et al., 1993). Such interplay
between immune and endocrine mechanisms may account for the observation that
animals with subclinical paratuberculosis succumb to clinical infection following
parturition, heavy lactation and poor nutrition (reviewed by Chiodini et al., 1984). To
date the necessary reagents and assays to investigate whether Thl or Th2 responses are
involved in immunity to paratuberculosis in sheep are not available.
7.7 Role of hsp60 in immunopathology
It is assumed that the role of stress proteins, such as hsp60, is to protect or limit the
damage of stressful stimuli on individual cells. How might such protective molecules be
involved in tissue damage and destruction, or are they just produced following tissue
damage? There is evidence linking hsp60 expression with chronic inflammatory lesions
resulting from other pathogens or autoimmune disease. Immunohistochemistry and in
situ hybridisation techniques have demonstrated that hsp60 expression is increased in
inflammatory lesions due to Helicobacter pylori infection (Engstrand et al., 1991) and
in the synovium of patients with rheumatoid arthritis (Karlsson-Parra et al., 1990). This
is supported by the immunohistochemical analysis presented in this study which
demonstrated the presence of cells expressing hsp60 within paratuberculosis lesions
within the lamina propria, but not in healthy tissue. It is clear from these observations
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that expression of hsp60 is not necessarily a disease-specific feature but rather a
reflection of a chronic inflammatory condition. T cells with reactivity for hsp60 that may
contribute to immunopathology have been demonstrated, for example in the rat adjuvant
arthritis model, where an hsp60-reactive T cell clone could induce disease following
adoptive transfer (Van Eden et al., 1989).
Immunohistochemistry and in situ techniques have also been useful in assessing the
local cell-mediated immune response through reagents that recognise T cell surface
markers and cytokine mRNA expression. Such studies have demonstrated the relative
predominance of CD8 cytotoxic cells in lepromatous leprosy lesions and CD4-positive
T cells in tuberculoid leprosy lesions (Modlin et al., 1988; 1989). Later studies
supported these findings by demonstrating increased levels of IFNy mRNA in
tuberculoid lesions and reversal reactions suggesting a CD4-positive, Thl type response
(Cooper et al., 1989). It has been proposed by others that paratuberculosis lesions
closely resemble lesions found in lepromatous leprosy in the context of histopathology
(Garcia-Marin et al., 1991). The phenotypic analysis reported here suggests that CD8-
positive T cells were increased relative to CD4-positive T cells in paratuberculosis
lesions. This would appear to agree with the studies of Modlin et al. (1989).
The involvement of CD8 in the protective immune response to primary tuberculosis has
been demonstrated in both CD8 and (32-microglobulin knockout mice which die of
experimental tuberculosis (Flynn et al., 1992). Another side to the activity of CD8-
positive T cells, namely immunesuppression, has been linked with lepromatous lesions
(Modlin et al., 1986). The similarity of lesions from paratuberculosis infection and
lepromatous leprosy might allow the speculation that suppression mediated by CD8 T
cells may predominate in at least some paratuberculosis lesions. In the studies presented
here CD8-positive T cells were increased relative to CD4-positive T cells in infected
tissues. A role for CD8 suppressor T cells within PBMC from paratuberculosis-infected
animals has been suggested by Chiodini and Davis (1993). The presence of CD8
suppressor cells in lesions of paratuberculosis might explain the lack of in vitro
responses to M. paratuberculosis hsp60 and the reduced responses to the mitogen Con
A in the preliminary studies presented here.
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7.8 Role of hsp60 in autoimmunity
A role for microbial hsp60 in the immunopathogenesis of autoimmune diseases such as
rheumatoid arthritis by molecular mimicry has been proposed (Lamb et al., 1989).
Homology of mycobacterial hsp60 with a number of non-stress protein host molecules
has been demonstrated. Antigenic mimicry between mycobacterial hsp60 and the
cartilage proteoglycans of rats and humans has been demonstrated (Van Eden et al.,
1987; De Graeff-Meeder et al., 1990), and the epitope recognised has 100% identity
with M. paratuberculosis hsp60 (residues 180-188). In insulin-dependent diabetes
mellitus, a crossreactive epitope was identified between M. tuberculosis hsp60 and a
primary (3 cell-antigen, but this was not shared with M. leprae hsp60 (Jones et al.,
1990). Interestingly, in the present study the C-terminus of M. paratuberculosis hsp60
has the least homology with M. leprae and a monoclonal antibody generated against this
molecule did not crossreact with M. leprae hsp60. This suggests that the epitope
recognised by this antibody is within the C-terminal region. Furthermore, this antibody
appeared to crossreact with normal gut epithelial cells. It would be necessary to
construct a series of overlapping peptides from this region to accurately map the epitope
recognised by this antibody. More recently Rambukkana et al. (1992b) showed that
two monoclonal antibodies directed against the C-terminal epitope of M. tuberculosis
hsp60 crossreacted with human epidermal cytokeratins 1 and 2.
In ankylosing spondylitis and Reiter's syndrome where most patients are HLA-B27-
positive (reviewed by Benjamin and Parham, 1992), and with HLA-B27 transgenic rats
which develop similar syndromes (Hammer et al., 1990), it is proposed that peptides
derived from bacteria presented in the context of HLA-B27 are recognised by CD8-
positive cytotoxic T cells, which subsequently react with self-peptides at specific tissue
sites (Benjamin and Parham, 1992). Immunohistochemical analysis has demonstrated
that hsp60 and HLA-B27 are expressed within the synovium of arthritic patients but not
normal controls (Karlsson-Parra et al., 1990). Supporting these findings, Kellner et al.
(1994) showed that an HLA-B27-positive cell line transfected with the mycobacterial
hsp60 gene, presented hsp60 peptides complexed with the HLA-B27, which were
subsequently detected by serum antibodies from HLA-B27-positive arthritis patients.
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7.9 Animal models for paratuberculosis
It has been useful to use the sheep, a natural host for M. paratuberculosis, for a
preliminary study of immune responses of paratuberculosis-infected animals to
M. paratuberculosis hsp60. However, the lack of defined immunological reagents in the
sheep is a limiting factor to further study. The use of murine models for the study of
mycobacterial disease has been in progress for some time and, following the advent of
transgenic and knockout mice, a more detailed study of mycobacterial immunity is now
possible. Previously it was shown by depletion of T cell subsets that mainly CD4-
positive, rather than CD8-positive, T cells were important for resolution of M. bovis
BCG infection (Pedrazzini et al., 1987) and paratuberculosis infection (Adams et al.,
1993). Furthermore, these same studies showed that despite depletion of both these T
cell subsets a degree of resistance to M. bovis BCG infection remained. This type of
data provides evidence that CD4-independent mechanisms are also functioning during
development of acquired resistance. These studies were confirmed by Izzo and North
(1992) who observed that SCID mice eventually succumb to BCG infection and
concluded that y5 T cells also had a role to play in resistance to mycobacterial infection.
The role of natural killer cells in such responses cannot be ruled out. These cells are
known to secrete IFNy which may contribute to the early protection against infection in
SCID mice (Izzo and North, 1992).
Murine models including immunocompetent, nude and more recently SCED/beige mice
(Frelier et al., 1990; Hamilton et al., 1991; Mutwiri et al., 1992) have been used by
others to study paratuberculosis infection. SCID/beige mice, which lack T and B cells
and have reduced NK cell activity, infected with live M. paratuberculosis, develop
clinical signs consistent with ruminant paratuberculosis, although the histopathological
lesions do not resemble those described in paratuberculosis-infected ruminants (Mutwiri
et al., 1992). These studies indicate that factors other than T cell-dependent factors are,
in part at least, responsible for the clinical manifestations of paratuberculosis and as
such represent a useful model to study some aspects of the pathogenesis of
paratuberculosis infection.
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The availability of transgenic mice and defined immunological reagents for the mouse
would indicate that the murine species would be a useful model for the study of host
response to, and immunopathogenesis of, M. paratuberculosis infection. Genetic
regulation of M. paratuberculosis infection in inbred mouse strains has been reported,
and there is concordance between those mice that are resistant or susceptible to
M. bovis BCG infection, Bcgr and Bcgs respectively, and those that are resistant or
susceptible to paratuberculosis infection (parar and paras respectively) (Frelier et al.,
1990). It would appear that either the genes regulating resistance or susceptibility to
M. paratuberculosis or M. bovis infection are the same or perhaps linked on the same
chromosome. Conservation of chromosomal linkage has been demonstrated for certain
genes on the bovine chromosome 8 and murine chromosome 1 (Adkison et al., 1988;
Skamene et al., 1982) and if a putative Beg or para gene exists in cattle and other
ruminants, the potential for breeding disease-resistant animals becomes possible.
7.10 Hsp60: friend or foe?
It is clear from the above discussion that hsp60 has a role in protection,
immunesurveillance, immunopathology and autoimmunity. How are such seemingly
contradictory mechanisms attributable to a single molecule? The traditional belief is that
the immune response should be targeted on the recognition of foreign antigen in the
context of MHC molecules and that T cell tolerance to self-antigens develops, in part, as
a consequence of clonal deletion of autoreactive cells in the thymus. However, these
traditional beliefs do not explain the apparent paradox that the highly conserved stress
proteins are immunologically dominant.
A theory which provides a feasible explanation for the observations described above has
been proposed by Cohen and Young (1991). They suggest that the immune system is
preoccupied with the recognition of self by a series of controlled networks directed at a
limited number of dominant self antigens. Complementary to this is a less well
regulated, aggressive network directed at foreign antigens. This would explain the
finding that healthy individuals with no history of mycobacterial or autoimmune disease
have T cells responsive to self-epitopes of hsp60 (Munk et al., 1989). The presence of
autoreactive T cells would persist through restimulation following infection with other
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pathogens. Such cells would allow immune recognition of autologous stressed cells,
even before pathogens have had time to replicate and in so doing would provide a first
line of defence. In this context, T cell recognition of hsp60 is beneficial to the host.
Autoimmune disease is thought to occur when this regulatory mechanism fails and an
uncontrolled, aggressive response is directed at self determinants. Therefore in the
context of autoimmune, and possibly chronic inflammatory diseases such as
mycobacterioses, T cell responses to hsp60 are damaging to the host. An evaluation of
the exact immunoregulatory mechanisms involved with cellular responses to stress




A1 Buffer solutions used in this thesis




46g disodium hydrogen phosphate
lOg potassium dihydrogen phosphate
Made to 5 litres with distilled water and pH to 6.8 with HC1.
TAE
40mM Tris base
17% glacial acetic acid (v/v)









40mg/ml Lysozyme (added just before use)
TNE
lOmM Tris.Cl (pH 8.0)
lOOmM sodium chloride




0.1 % sodium dodecyl sulphate (w/v)
376mM glycine
Make to 1 litre. Do not pH.




A1.2 Buffers used in pGEX expression system
ELUTTON BUFFER
50mM Tris.Cl (pH 8.0)
5mM reduced glutathione (Sigma)
WASH BUFFER
50mM Tris.Cl (pH 7.5)
150mM sodium chloride
FACTOR Xa CLEAVAGE BUFFER
50mM Tris.Cl (pH 7.5)
150mM sodium chloride
ImM calcium chloride
0.05% deoxycholic acid (w/v)
THROMBIN CLEAVAGE BUFFER
5QmM Tris.Cl (pH 7.5)
150mM sodium chloride
2.5mM calcium chloride
0.05% deoxycholic acid (w/v)
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A2 Generation of monoclonal antibodies to M. paratuberculosis hsp60
The availability of monoclonal reagents with specificity for M. paratuberculosis hsp60
would allow an investigation of the prevalence and/or distribution of this protein in
M. paratuberculosis-'mitctzd tissues in immunohistological studies. Panels of
monoclonal antibodies have been generated against this protein and numerous other
mycobacterial proteins and include both species-specific and cross-reactive antibodies
(Engers et al., 1986). The strategy used to generate these monoclonal antibodies was
through the immunisation of mice with either M. bovis BCG, M. leprae or
M. tuberculosis whole organisms (Gillis and Buchanan, 1982; Ivanyi et al., 1983; Kolk
et al., 1984). The antigens they recognise were subsequently defined by electrophoretic
immunoblot analysis. In this thesis, the strategy used to generate monoclonal antibodies
to M. paratuberculosis hsp60 was to use the M. paratuberculosis rhsp60 generated
during this thesis to immunise mice. Due to time constraints the production of
monoclonal antibodies was carried out by Mr Paul Hunt and Mrs Esme Mills and the
characterisation of monoclonal antibodies was performed by myself and is described in
the main text of the thesis. The protocol for the production of monoclonal antibodies is
described briefly below:
Experimental protocol
A2.1 Immunisation of mice
Balb/c mice bred in the Department of Veterinary Pathology animal house, University of
Edinburgh were used for monoclonal antibody production. Mice were immunised
with 100 pg M. paratuberculosis rhsp60 in PBS emulsified with an equal volume of
CFA by subcutaneous injection at several sites. Two subsequent booster immunisations
were given by intraperitoneal injection with 100 pg the antigen in PBS at 3 week
intervals. After preliminary immunisation blood samples were taken from the tail vein
two weeks after the second and third immunisations.
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Serum collected from these samples was screened for reactivity with
M. paratuberculosis rhsp60, and also as a positive control, in ELISA (Section 2.5.5.4).
A final dose of 100 pg of antigen in PBS was given intravenously.
A2.2 Fusion protocol
Three days after final intravenous immunisation (Section A2.1), a fresh aliquot of
mixed thymocyte medium (MTM) previously prepared according to Reading (1982)
was thawed, plated out at 100 pi/ well onto 96-well flat-bottom tissue culture plates and
pre-incubated. The fusion of murine splenocytes was carried out according to the
method of Galfre and Milstein (1981). Four days after their final booster immunisation
one mouse was killed by cervical dislocation, the spleen removed and homogenised in
10ml of RPMI medium. Splenocytes were pelleted at lOOOrpm for five minutes and
resuspended in 10ml of RPMI medium. Clotted tissue was allowed to sediment out for
a few minutes and the cell suspension was transferred to a fresh tube and a cell count
performed. Cells were diluted to 9 x 107 /ml and added at 100 pl/well to 10 wells
containing MTM for control purposes.
NSO myeloma cells were cultured in RPMI containing 10% FCS and ImM sodium
pyruvate, harvested by centrifugation resuspended in RPMI to a dilution of 3 x 106
cells/ml. 20 ml of splenocyte suspension was mixed with 20 ml of NSO suspension and
centrifuged. The cell pellet and a 50% w/v solution of polyethylene glycol (PEG) in
HEPES was prewarmed to 37°C for two minutes. 1ml of the PEG solution was added
to the cell pellet with gentle rotation for one minute and subsequently incubated at 37 °C
for a further four minutes. 25 ml of RPMI was added slowly in a dropwise manner and
at the same time mixed by gentle rotation. The cells were pelleted, resuspended in 35 ml
of HAT medium (Hypoxanthine, Aminopterin, Thymidine in RPMI; 15% FCS; 2 mM
L-glutamine; ImM sodium pyruvate; 25 mM HEPES , pH 7.2) and plated out at 100
pl/well on 6 x 96-well plates. Plates were then incubated for several weeks during
which time cells were re-fed by replacing 50 pi of culture medium with 50 pi of fresh
medium twice weekly. After seven days each well was checked daily for growth of
hybridoma colonies. Any clumping of colonies was dispersed by gentle agitation of the
medium. Once hybridoma colonies had grown to almost cover the floor of the well,
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200 pi of supernatant were removed for analysis by ELISA (Section 2.5.5.4). Cells
from each well were resuspended in 1ml of HAT medium and transferred to 24-well
plates.
A2.3 Cloning of hybridomas
The fate of hybridoma cells initially transferred to 24-well plates was dependent on the
ELISA readout. Cells from all ELISA-positive wells were used to produce frozen
stocks whilst cells from strongly positive wells were used in primary cloning steps.
During the cloning procedure all hybridoma cells were re-fed twice weekly by replacing
0.5 ml of medium with 0.5 ml of fresh medium (HAT medium for the first cloning and
HT medium for subsequent cloning steps) (see below).
Feeder cells were prepared as follows: splenocytes were isolated from another mouse,
as described earlier, suspended in medium (HAT for the first cloning and HT medium
for subsequent cloning steps) and irradiated (2.5 krad, 137Cs). The cell suspension was
diluted in the same medium to 5 x 106 cells/ml and plated out at 100 pl/well on 96-well,
flat-bottom plates and incubated for 24 hours.
Cells from positive wells selected for cloning were suspended, harvested by
centrifugation at lOOOrpm for five minutes and resuspended in 6 ml of the same
medium. If sufficient cells were obtained they were successively diluted to each of the
following concentrations: 50, 10 or 5 cells/ml. 100 ml of each dilution was added to 20
wells with feeder cells. If insufficient cells were obtained they were diluted to an
estimated 8 live cells/ml and plated at 100 ml/well in each of 60 wells with feeder cells.
All plates were incubated for a further 2-4 weeks. After seven days wells were
examined by light microscopy for the presence of individual hybridoma colonies. Only
those wells with single colonies were retained and cultured for several weeks until
confluent. 200 pi of supernatant was removed and analysed by ELISA remaining cells
were resuspended in remaining supernatant and transferred to 24-well plates. Clones
negative by ELISA were discarded. Other clones, selected according to magnitude of
ELISA readout and rate of growth, were submitted to a second cloning step.
137
Cells from hybridomas of interest that were left over after cloning steps were used to
produce frozen stocks. Cells were incubated until they neared 50% confluency, when
they were suspended, centrifuged at lOOOrpm for five minutes, resuspended in 1 ml of
freezing mix and slowly frozen to -70°C before being transferred to liquid nitrogen for
storage.
A2.4 Results
As a result of the fusion and cloning procedures described above two
M. paratuberculosis hsp60-specific hybridomas were obtained namely 2G4 and 2G7.
Culture supernatants of these hybridomas resulting from the third cloning step were
used for the characterisation of the secreted monoclonal antibodies. The characterisation
and use of the monoclonal antibodies secreted by these hybridomas has been described
in the main text of this thesis.
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A3 Specificity of proliferative responses to M. paratuberculosis rhsp60
Recombinant proteins which have been derived from E. coli-based expression systems
and as such may be contaminated with E. co/i'-derived endotoxins. The generation of
M. paratuberculosis rhsp60 in the pGEX system is a multi-step process which includes
an affinity purification step and an ion exchange chromatography step (described in
Section 2.5). Despite these various purification steps, the presence of very small
amounts of E. coli-derived endotoxins cannot be ruled out. Microbial proteins like these
have been shown to stimulate lymphocyte proliferation in an indiscriminate manner.
Such proteins have been termed superantigens. (Johnson et al., 1992). The culture of
PBMC in the presence of even very small amounts of endotoxin may induce
proliferative responses in lymphocytes in vitro when heterologously expressed
recombinant proteins are used. Glutathione S-transferase (GST) derived from E. coli
JM83, transformed with native pGEX-2T, was processed in a similar manner
to M. paratuberculosis rhsp60 (except for the thrombin cleavage procedure). This GST
was used as a control antigen in proliferation assays to investigate whether




Male and female Finnish Landrace x Dorset sheep of various ages were obtained from
the Moredun Research Institute, Edinburgh. Animals were immunised with 0.5 mg
GST-hsp60 fusion protein emulsified (1 : 1) in complete Freund's adjuvant (CFA)
containing H37RA M. tuberculosis (Sigma), injected over two sites intramuscularly.
Control animals were not immunised. PBMC were isolated four weeks after
immunisation and in vitro proliferative responses were assessed.
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A3.2 In vitro proliferative responses of PBMC
Ovine mononuclear cells were isolated from primed (n=6) or non-primed (n=3) animals
as described in Section 2.6.1.1. 1 x 105 cells/well were cultured in triplicate with
various concentrations of either M. paratuberculosis rhsp60 or GST. Cells were
incubated at 37°C for 5 days and pulsed with 3H-thymidine over the last 5 hours.
The results were expressed as the arithmetic mean, in counts per minute (cpm), of
triplicate cultures and expressed as stimulation indices.
Stimulation indices (SI) were calculated as:
SI = Thymidine uptake of cells with antigen
Thymidine uptake of cells without antigen
A3.3 Results
Figure A3.1 shows the mean proliferative responses for each group of animals to
50 pg/ml rhsp60 or 50 pg/ml GST. PBMC from primed animals have greater
proliferative responses to M. paratuberculosis rhsp60 than to GST (P< 0.05). The
calculated SI for rhsp60 ranged from 2.6 to 8.4 whereas the SI for GST were generally
less than 2. SI of PBMC from non-primed animals in culture with either
M. paratuberculosis rhsp60 or GST were between 0.5 and 1.0. Figure A3.2 shows a
representative dose response curve obtained for PBMC from a GST-hsp60-primed and
non-primed animal cultured in vitro with various concentrations of either
M. paratuberculosis rhsp60 or GST. Maximum proliferation was obtained at 50 pg/ml
of M. paratuberculosis rhsp60 (P< 0.05).
A3.4 Conclusion
The above results demonstrate that PBMC from animals primed with
M. paratuberculosis hsp60 are capable of recognising and responding to the
M. paratuberculosis rhsp60 in vitro. More importantly, these results showed that the
response was specific for M. paratuberculosis rhsp60, and was not due to potential
contaminants such as endotoxins present in the antigen preparation as a consequence of
expression in a bacterial system. It was therefore deemed suitable to use the
M. paratuberculosis rhsp60 in further in vitro proliferation assays.
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Figure A3.1
Proliferative responses of PBMC to M. paratuberculosis rhsp60 or GST. PBMC were
isolated from primed (n=6) or non-primed (n=3) animals as described in section
2.6.1.1. 1 x 105 cells/well were cultured in triplicate with 50 pg/ml of either rhsp60 or
GST. Cells were incubated at 37 °C for 5 days and pulsed with 3H-thymidine over the
last 5 hours. Stimulation indices (SI) were calculated and the results were expressed as
the mean SI for each group and the standard deviation is shown in parenthesis.







Non-primed animals 0.45 0.39
(n=3) (0.22) (0.05)
* P< 0.05 relative to GST
Figure A3.2
Proliferative responses of PBMC to M. paratuberculosis rhsp60 or GST. PBMC were
isolated from a rhsp60-primed animal as described in Section 2.6.1.1. 1 x 105 cells/well
were cultured in triplicate with various concentrations of rhsp60 or GST. Cells were
incubated at 37°C for 5 days and pulsed with 3H-thymidine over the last 5 hours. A
representative dose response curve is shown. Statistical analysis was performed using a
Student's t-test.
.1 1 10 100
Antigen concentration jig/ml (log^)
KEY:
Stimulating antigen
—o— M. paratuberculosis rhsp60
—a— Glutathione S-transferase (GST)
□ Control (culture medium alone)
* P< 0.05 relative to GST
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